
 

Figure 1 Rocket-Plane Vehicle 

In this example we will analyze a rocket-plane vehicle during level flight. It is similar to the vehicle shown in 
Figure 1 and it is controlled by five aerosurfaces and a fixed engine. The control surfaces are: two flaps 
which are almost horizontal and they are used mostly for roll control, two rudders (forming V-tail at 45°) 
and used for pitch and yaw control and a body-flap in the back below the rudders used mainly for trimming, 
but also for pitch control at high angles of attack when the rudders are not very effective. The engine is 
fixed and it does not gimbal. Its nominal thrust is 2,000 (lbf) and it can be throttled from zero to 4,000 (lbf) 
as needed for acceleration and speed control. The control system controls altitude and airspeed in the 
longitudinal axes and in the lateral axes it controls the flight direction by means of roll control. We will 
analyze a single flight condition, at Mach 0.85, altitude 45,000 (ft), and dynamic pressure of 150 (psf). The 
analysis begins by creating dynamic models of the vehicle in this flight condition, design and analyze pitch 
and lateral control systems, introduce structural flexibility, aero-elasticity, and then evaluated the overall 
vehicle system stability and performance with respect to commands and gusts. 

  



The example files are located in directory “C:\Flixan\Examples\Rocket Plane”. The analysis is separated in 
three parts. In Section 1 we create rigid-body models and perform control system design, analyze stability 
and simulations. In Section 2 we include flexibility in the model using modal data without aero-elasticity. 
We select the dominant modes, combine them with the vehicle dynamics, analyze flex stability, and 
perform simulations. In Section 3 we go one step further and include aero-elasticity data in the flexibility 
analysis and h-parameters. We finally repeat the flex analysis and simulations using the more refined aero-
elastic model. 

1.0 Rigid-Body Analysis and Control System Description 

The rigid-body modeling and control analysis files for this flight condition are in directory “C:\Flixan\ Examples\ 
Rocket Plane\1-Rigid Body Control Design”. It has three subdirectories that contain analysis files for: the longitudinal 
axes, lateral axes, and simulations for the coupled pitch and lateral axes. There are three separate vehicle data files 
for each subdirectory that create the vehicle models, perform the control design using the LQR method and prepare 
the data for Matlab analysis. 

1.1 Rigid-Body Vehicle Model 

The title of the vehicle dataset in the input data files is “Rocket Plane at Mach=0.85, Q=150, Rigid Body”. The top part 
of the vehicle data contains the mass properties, trajectory, and the basic aero coefficients. The wind-gust 
disturbance input in the system is in (feet/sec). The gust direction relative to the vehicle is defined in the input data 
by two angles: an elevation angle of 90° which means that the gust is perpendicular to the body x-axis, and the 
azimuth angle of 45° which is between the +z and the +y axes and a gust would cause an increase in both the angles 
of attack α and sideslip β. 

 

Figure 2 The arrows show the directions of the hinge vectors and the hinge orientation angles (φh) 

  



The vehicle has five aerosurfaces. Positive deflection is considered to be a clockwise rotation about the hinge vector. 
The vehicle dataset includes the data for the five aerosurfaces which are: the left and right flaps, the left and right 
rudders, and the body-flap. The aerosurface data also include: trim angles, hinge vector orientation angles, surface 
mass, inertia about the hinge, distance between the surface CG to the hinge line, surface area, hinge moment 
coefficients, locations of the hinge lines in vehicle coordinates and the aerodynamic force and moment increment 
coefficients for each aero-surface. In this initial design the tail-wags-dog/ hinge moments dynamics option is turned 
off (NO TWD). It will be included later when we will analyze the structural flexibility. Figure 2 shows the hinge vectors 
of the 5 aerosurfaces and the roll orientation angles (φh) of the hinges. The φh angle is defined positive clockwise from 
horizontal about the vehicle x axis. All the hinge lines are perpendicular to the vehicle x-axis, i.e. the (λh) angles are 
zero. See Figure (2.5.3) in the vehicle equations. The two flaps are located in the trailing edge of the wings and their 
hinge vector angles are slightly tilted at (φh= ±2°) from the vehicle x-y plane due to a small dihedral in the wing. The 
hinge line angles of the two rudders are even bigger, forming a 45° V-tail. The direction of the left rudder hinge 
vector is at +45° and the direction of the right rudder hinge vector is at -45°. When a positive command is applied to 
both rudders it causes a negative pitch torque on the vehicle. When a positive command is applied on the left and an 
equal but negative command is applied on the right rudder, it would cause a negative yaw and positive roll torque on 
the vehicle. Note that in this formulation we assume that the control surfaces are not included in the calculation of 
the vehicle mass properties because the aerosurfaces are coupled with the vehicle via the reaction forces and 
moments. 

In addition to the aerosurfaces the vehicle also has a throttling engine. This engine is mounted at a fixed orientation 
of -1.3° in pitch. It does not gimbal but it can vary its thrust between zero and 4,000 (lbf). It is, therefore, defined in 
the dataset as having a nominal thrust of 2,000 (lbf) and a maximum thrust of 4,000 (lbf). The thrust variation is used 
to control the vehicle speed. Note, that in this case the engine must be included in the vehicle mass property 
calculations because it does not gimbal. However, the engine mass, inertia, and moment arm are shown in the input 
data. They are just place holders and not used in the formulation of the state-space model. The (NO TWD) flag in the 
engine data is irrelevant because the engine doesn’t gimbal. If you change it into gimbaling engine, then the engine 
must be excluded from the vehicle mass properties because it couples with the vehicle via the equations. There are 
no sensors and flexibility dynamics in this model but they will be included later in Sections 2 and 3. 

1.2 Longitudinal Axes Analysis 

The longitudinal analysis data files are in folder: “Flixan\Examples\18-Rocket Plane\1-Rigid Body Control Design\1-
Pitch Design”. The vehicle modeling and design datasets are in the input file: “Rocket_Pitch_RB.Inp” and the output 
systems file is: “Rocket_Pitch_RB.Qdr”. The input file includes a batch set on the top that creates the vehicle model, 
performs the LQR design and exports the data for Matlab analysis.  

The input data file: “Rocket_Pitch_RB.Inp” is shown below. The vehicle has five aerosurfaces and one throttling 
engine. The mixing logic dataset “Pitch axis Mixing Matrix for Rocket-Plane, Kmix_qa” creates a mixing logic matrix 
that converts the pitch and axial acceleration demands to combined aerosurface deflections and throttle commands. 
The pitch design model is extracted from the combined system by selecting only the longitudinal variables. 



 



 

The pitch design model is augmented by including an additional state, the alpha-integral. The mixing logic matrix 
Kmix_qa is also included at the input. This reduces the number of inputs from 6 to 2, that is, the two acceleration 
demands, pitch and axial. However, only the pitch input will be included in the LQR design to control alpha. The 
engine throttle to control speed will be designed by classical control means. 

The LQR state-feedback dataset “Pitch LQR Control Design” is included in the input file. It uses the design system 
“Pitch Design Model with Alpha Integral (1-input, 4-states)” to calculate the state-feedback gain Kq. The gain matrix is 
saved in the systems file and its title is “LQR State-Feedback Control for Pitch Axis”. The state and control weight 
matrices Qc4 and Rc for the LQR design are read from, and permanently saved in the systems file. The vehicle 
models, mixing logic and state-feedback gains are converted to Matlab format. 



  



Processing the Input File 

To process the input file in batch mode, start the Flixan program, select the pitch design folder, and from the top 
menu select “File Management”, “Managing Input Files”, and then “Edit/ Process Input Files”, as shown. The input 
file manager utility comes up and from the left menu select the input file “Rocket_Pitch_RB.Inp” and click on “Select 
Input File” button. The right menu will show all the datasets which are in the input file. Select the batch set “Batch 
Set for Creating Rigid-Body Models for the Rocket-Plane” and click on “Process Input Data” to process the entire file. 
The data are saved in the systems file and Matlab files. A detailed description of the vehicle modeling, mixing logic, 
and LQR control design processes is given in Section 1.3. 

  



Longitudinal Control System Simulation Model 

Figure 1.1 shows the longitudinal control system Simulink model "Closed_Pitch.slx" in folder “1-Pitch Design”. It 
consists of two control loops: a ground speed control loop that controls the vehicle speed by varying the engine 
thrust and an altitude control loop that controls the vehicle altitude by changing the angle of attack as a function of 
altitude error. The simulation calculates the longitudinal system response to altitude and ground speed commands 
and also to wind-gust disturbances. The LQR controller requires feedback from the pitch attitude, rate and angle of 
attack. An estimator is used to estimate α from the normal acceleration �̈�𝑧. The simulation is initialized by the file 
“init.m”, which loads the systems, matrices, actuator, estimator parameters and calculates the control gains. The 
guidance system receives altitude and velocity change commands and issues a normal acceleration and throttle 
commands. The Nz-command is converted to an alpha command by the alpha estimator that controls the pitch loop. 
The throttle control adjusts the vehicle thrust and ground speed. 

 

Figure 1.1 Longitudinal Simulation Model “Closed_Pitch.slx” 

 

 



The green block is shown in detail in Figure 1.2. It contains the vehicle system “Rocket Plane at Mach=0.85, Q=150, 
Rigid Body, Pitch Axis” and is loaded into Matlab workspace from the m-file “Vehi_pitch_rb.m”. It includes also the 
mixing matrix and a simple 2nd order actuator. A wind-gust velocity impulse is applied to the vehicle and a low-pass 
filter is used to shape the gust impulse. The gust direction with respect to the vehicle is defined by two angles in the 
input data. The pink outputs are saving simulation data and plotting them in the end by the script m-file “pl.m”.  

 

Figure 1.2 Vehicle Dynamic Subsystem, Includes the Actuator, Mixing-Logic, and Wind-Gust Impulse Shaping 

The Pitch LQR State-Feedback Gain  

The LQR gain combines feedback signals from the four plant states: pitch attitude, pitch rate, alpha, and alpha-
integral, as shown in figure 1.3. It was designed using either Matlab or Flixan from the four-state design plant 
“vehi_pdes_4x.m” that was imported from system: "Pitch Design Model with Alpha Integral (1-input, 4-states)". The 
Matlab LQR implementation is in file “lqr_des.m”. A low-pass filter is included in the output to attenuate flex modes. 

 

Figure 1.3 Pitch Axis State Feedback Controller 

 



The Angle of Attack Estimator 

The LQR controller inputs are from the four plant states. The pitch attitude and rate are measurable. The other two 
states, however, alpha, and alpha-integral are not directly measurable and we need an estimator block to estimate 
alpha from the normal acceleration and the aerosurface forces. The estimator is shown in Figure 1.4 and it solves the 
normal force equation (F=ma) in real-time. The inputs are normal acceleration and deflections of the five 
aerosurfaces. The output is the estimated alpha, and it will converge to the real angle of attack when the vehicle 
aerodynamic coefficients are reasonably known. The output of the summing junction goes to zero when the 
integrator converges to an alpha where the normal aero force due to alpha and the force due to surface deflections 
balance the vehicle normal acceleration force (ma). The estimated α and α-integral will replace the actual vehicle 
α and α-integral as shown in Figure 1.1. The estimator parameters (dynamic pressure, vehicle mass, and aero 
coefficients) are loaded into Matlab from the initialization file. 

 

Figure 1.4 Angle of Attack Estimator Calculates Alpha from the Normal Force Equation 

 

Longitudinal Guidance System 

The Longitudinal Guidance system controls the vehicle speed and altitude by varying the engine thrust and the angle 
of attack. The ground speed controller is a PID that measures the vehicle ground speed error and issues a throttle 
command that varies from -1 to +1. Zero thrust corresponds to (-1) and maximum thrust of 4,000 (lb) corresponds to 
(+1). The altitude control system is also a PID that issues a normal acceleration command to the alpha estimator and 
it is translated to an alpha command. 



 

Figure 1.5 Longitudinal Guidance System Calculates the Nz and Throttle Commands 

 

Longitudinal Simulation Results 

Figures 1.6 show the longitudinal system response to simultaneous altitude and velocity change commands and to a 
wind-gust disturbance of 40 (ft/sec) in the direction described. The commands are: 500 (feet) increase in altitude, 
and 8 (feet/sec) increase in ground-speed. To perform this maneuver the vehicle temporarily increases its thrust 40% 
and deflects its aerosurfaces in the negative (up) direction that increases alpha (red line) which causes an upwards 
acceleration (negative Nz) and it increases the altitude. Both flaps and rudders are contributing to the pitch 
maneuver. Notice that alpha is measured relative to the trim alpha (α0).  

The altitude and velocity eventually approach the commanded values and the aerosurface deflections decay back to 
the original trim positions (zero). The thrust decays to a value 3% higher than its original nominal thrust. The flight 
path angle gamma starts from zero, increases to 4° as it gains altitude and it decays back to zero (horizontal flight) 
when the aircraft reaches a steady altitude. 

 

 



  



 

Figure 1.6 Longitudinal System Response to δV and δH Commands and to the Wind-Gust Disturbance 

 



Longitudinal System Stability Analysis 

The Simulink model: “Open_Pitch.slx”, in Figure 1.7 is used to analyze pitch stability. It consists of the same 
subsystems as the simulation model. The system has two control loops: the elevon loop and throttle control loop. 
When checking the elevon stability we open the elevon loop and close the throttle loop and vise-versa. The Matlab 
file “frequ.m” calculates the frequency response of this open-loop system and plots the Bode and Nichols plots for 
measuring the system’s stability margins.  

 

Figure 1.7 Simulink Model "Open_Pitch.slx" Used for Pitch Frequency Response Stability Analysis 

The plots in Figure 1.8 show that the system has excellent phase and gain margins and a cross-over frequency of 3.5 
(rad/sec). The alpha integrator provides high gain at low frequencies which is needed for alpha-command tracking. 



 

Figure 1.8 Pitch Axis Bode and Nichols Plots Showing Cross-Over Frequency, Gain and Phase Margins 



1.3 Interactive Processing of the Pitch Vehicle Data 

We will now demonstrate how to process the input file “Rocket_Pitch_RB.Inp” interactively for tutorial purposes in order to 
familiarize the user with the Flixan program. We begin by creating the vehicle model, the mixing logic matrix, the LQR design 
plant, the LQR design, and finally exporting the systems and matrices to Matlab. 

Vehicle Modeling: We start the Flixan program and go to directory “Flixan\ Examples\18-Rocket Plane\1-Rigid Body Control 
Design\1-Pitch Design”. From the main menu go to “Program Functions”, “Flight Vehicle/ Spacecraft Modeling Tools”, and then 
select “Flight Vehicle State-Space Modeling”. 

 

From the filename selection menu select the vehicle input and system filenames and click on “Process Files”. The program scans 
through the input data file “Rocket_Pitch_RB.Inp” searching for vehicle data and it shows their titles in the following menu. 
Select the only vehicle data title: “Rocket Plane at Mach=0.85, Q=150, Rigid Body”, and click on “Run Input Set” to process it. 

 



 

The flight vehicle modeling program interactive dialog comes up that shows the vehicle title, modeling options, and vehicle data 
at the fixed flight condition. The data appear in separate tabs. The aero moment coefficients are shown in this case. There are 
some buttons in the upper right-hand corner where the user can create a new dataset or modify the existing dataset and save it 
under a different title. You can also view and edit the input file. Click on “Run” and the program will process the data, create the 
vehicle state-space system for this configuration, and save it in file “Rocket_Pitch_RB.Qdr” under the same title and comments. If 
a vehicle system already exists in the systems file under the same title, the user is given the options to either (a) replace the old 
system with the new, (b) keep old system as is and save the new one under a different title, or (c) do not save the new vehicle 
system but keep the old system. The state variable definitions of the inputs, states, and outputs are included below the (A,B,C,D) 
matrices. 

 



Extracting the Pitch System: The next step is to extract a pitch system from the coupled vehicle system that we just created. This 
system will be used for pitch axis linear analysis. A second rigid-body model will also be extracted and it will be used for control 
design using the LQR method. The systems modification program will be used to extract the reduced pitch systems from the 
original system. The system modification instructions are already included in the input data file: “Rocket_Pitch_RB.Inp”. The 
program reads the coupled system “Rocket Plane at Mach=0.85, Q=150, Rigid Body” that was created by the vehicle modeling 
program, extracts the pitch states and outputs, and saves the reduced pitch system in the systems file under the following title 
“Rocket Plane at Mach=0.85, Q=150, Rigid Body, Pitch Axis”. From the main menu go to “Program Functions”, “Creating and 
Modifying Linear Systems” and then “Modifying, Scaling State-Space Systems”. From the filenames selection menu select the 
input and the system filenames. The program searches for system modification datasets and it shows their titles in the menu 
below. Select the set “Rocket Plane at Mach=0.85, Q=150, Rigid Body, Pitch Axis” and click on the “Run Selected Input Set” button 
to process the data and extract the pitch system. 

 

The program will extract the pitch states and outputs from the coupled vehicle system and save it in the systems file under the 
new title: “Rocket Plane at Mach=0.85, Q=150, Rigid Body, Pitch Axis”. This system will also be exported into Matlab and used for 
pitch analysis. To eliminate the two extra states: δH and δV, we re-run the system modification program and from the titles 
menu select the “Pitch Design Model”. This dataset creates an even smaller pitch system from the previous system “Rocket Plane 
at Mach=0.85, Q=150, Rigid Body”. It consists only of three states: pitch attitude, pitch rate, and alpha and it is saved in the 
systems file under the title: “Pitch Design Model”. The inputs are: engine throttle (from 0 to ±1), plus five aerosurface deflections 
in (rad). The design model is not complete yet because it is missing one more state, the alpha-integral 



Derivation of the Pitch Mixing Logic Matrix: The Flixan generated vehicle system has six control inputs: a throttling engine that 
controls the vehicle speed, plus five aero-surfaces mainly for pitch control. The purpose of the longitudinal control system is to 
independently control the pitch attitude and the vehicle speed using the available controls.  We will now use the mixing logic 
program to derive a mixing logic matrix that pre-multiplies the open-loop vehicle and attempts to decouple the two longitudinal 
control directions: the pitch angular acceleration and the forward acceleration. It converts the pitch and axial acceleration 
demands from the flight control system to a combination of engine throttling plus aero-surface deflections that produce the 
required accelerations in the corresponding directions, open-loop. The mixing logic matrix attempts to diagonalize the plant and 
minimizes the dynamic coupling between the two longitudinal control loops. The algorithm uses the pseudo-inversion method 
and the vehicle mass properties, aero data, and the aerosurface coefficients. Remember that zero throttle command 
corresponds to applying nominal thrust of 2,000 (lbf). A throttle command of (+1) corresponds to a maximum thrust of 4,000 
(lbf), and a throttle command of (-1) means zero thrust.  

The mixing logic program is used to calculate the pitch mixing logic matrix. To run it, from the Flixan main menu go to “Program 
Functions”, and select “Create Mixing Logic/ TVC”. From the filenames selection menu select the input and the system filenames 
“Rocket_Pitch_RB.Inp” and “Rocket_Pitch_RB.Qdr”, as before. Select the vehicle data title: “Rocket Plane at Mach=0.85, Q=150, 
Rigid Body”, and click on “Run Input Set” to create the mixing matrix from the vehicle data.  

 

  



The next step is to define the longitudinal directions that will be decoupled by the mixing logic. The following menu is used for 
selecting the acceleration control directions from a total of 3 rotations and 3 translations. We usually select only directions that 
are affected by the vehicle effectors. In this case we select the two directions that will be controlled by the longitudinal control 
system, which are: the pitch acceleration (q-dot), and axial acceleration (Ax). We must also enter a name for the effector 
combination matrix "Kmix_qa". Click “OK” to continue. 

  

The mixing logic matrix is saved in the systems file “Rocket_Pitch_RB.Qdr”. Intuitively, one would attempt to use the engine for 
axial acceleration control and the two V-tail rudders for pitch control. The derived matrix is similar but it includes more terms 
that provide decoupling between the two longitudinal directions. The matrix is also exported into Matlab for further analysis. 

 

Figure 1.9 The Longitudinal Mixing Logic Matrix Kmix_qa 

 

 



Creating the Pitch LQR Design Plant: The previously extracted pitch system “Rocket Plane at Mach=0.85, Q=150, Rigid Body, 
Pitch Axis” is used for stability analysis and simulations but it is not suitable for pitch LQR control design because it contains two 
additional states (changes in altitude and velocity) that we do not intend to control directly by the pitch flight control system. In 
the LQR design plant we remove the δH and δV states and include the α-integral state. It will help us regulate the angle of attack 
more precisely. The δH and δV variables will be controlled by the outer guidance loop that was designed using classical control.  

The systems combination program will be used to combine the “Pitch Design Model” with the alpha-integrator to produce the α-
integral state. It also multiplies the control inputs with the mixing logic matrix “Kmix_qa” to replace the 6 effector inputs with 
two plant inputs: pitch and axial acceleration demands, δQ and δAx. The title of the system combination set is “Pitch Design 
Model with Alpha Integral (2-inputs, 4-states)” which is located in the input data file “Rocket_Pitch_RB.Inp”. To create this new 
system, from the Flixan main menu select: “Program Functions”, “Creating and Modifying Linear Systems”, and then “Combine 
State-Space Systems and Matrices”. From the filenames selection menu select the input and the system filenames, as before. The 
program searches the input data file for systems interconnection datasets and shows their titles in the following menu. From the 
menu select the systems interconnection set “Pitch Design Model with Alpha Integral (2-inputs, 4-states)”, click on the “Run 
Selected Input Set” button to create the pitch design system augmented with alpha-integral. 

 



The following systems interconnection dialog comes up showing the system interconnections info. Click on “Run” to process the 
dataset and the new system will be saved in the systems file “Rocket_Pitch_RB.Qdr” under the title: ”Pitch Design Model with 
Alpha Integral (2-inputs, 4-states)”. It will also be converted to Matlab format for LQR design using Matlab. 

 

Transferring Systems to Matlab: In the previous steps we used the Flixan program to create several vehicle state-space systems, 
a mixing logic matrix, and a state-feedback gain for the pitch axis. The data are saved in the systems file: “Rocket_Pitch_RB.Qdr”. 
We must now convert those systems and matrices to Matlab format for analysis. To reformat the pitch vehicle system, from the 
Flixan main menu go to “Utilities”, then “Matlab Conversions”, and select “Export to Matlab”. From the systems selection menu 
select the filename “Rocket_Pitch_RB.Qdr”. From the Matlab directory selection window, select the Matlab analysis subdirectory 
“1-Pitch Design” where the system “Rocket Plane at Mach=0.85, Q=150, Rigid Body, Pitch Axis” will be transferred.  

 



The following dialog is for selecting Matlab transferring options. Select to convert a "System (A,B,C,D)"  to a Matlab function (m-
file) format. The option on the bottom right is selected in order to save the Matlab conversion process you just described as a 
"To Matlab" conversion dataset in the input file which can be used later in batch processing. In this case choose "Do Not Save" 
because there is already a data-set for batch processing created in the input file. The next step is to select the system from the 
systems file to be converted to an m-file function. The systems selection menu is showing the system titles in file 
“Rocket_Pitch_RB.Qdr”. Select one of the titles: “Rocket Plane at Mach=0.85, Q=150, Rigid Body, Pitch Axis” to be converted and 
click the “Select” button. You must also enter the name of the function file "Vehi_Pitch_rb". The system's quadruple matrices will 
be converted to an m-file function and saved in file “vehi_pitch_rb.m”. Do not type the filename extension (.m). The same 
procedure is also used to convert the LQR design system “Pitch Design Model with Alpha Integral (1-input, 4-states)” to a Matlab 
m-function. The filename of the control design system is “vehi_pdes_4x.m”. 

 

The “Export to Matlab” utility is also used to convert the (6x2) mixing logic matrix “Kmix_qa” from the systems file to a Matlab 
matrix. This time you must select to convert a single matrix, from the “Export to Matlab” dialog, instead of a system. From the 
matrix selection menu, select the 6x2 matrix “Kmix_qa”, and the matrix will be converted to a Matlab matrix in –ascii format in 
file “Kmix_qa.mat”. Repeat the matrix conversion for the state-feedback matrix Kq.  



 

 

LQR Control Design: The LQR control design dataset is already created in the input file and Its title is “Pitch LQR Control Design”. 
It uses the vehicle design model “Pitch Design Model with Alpha Integral (1-input, 4-states)” that has only one input, the pitch 
control δQ. The δH and δV states are taken out and it includes the α-integral state. The design algorithm also requires the state 
and control weight matrices Qc4 and Rc which are already permanently saved in the systems file. The state-feedback controller 
will also be saved in the systems file.  

To start the LQR program, select “Program Functions”, “Robust Control Synthesis Tools”, and then “Linear Quadratic Control 
Design”. Select also the input and system files, as before. The first step is to check the Controllability and the Observability of the 
design system. From the LQR main menu select the first option and from the systems menu select the design system “Pitch 
Design Model with Alpha Integral (1-input, 4-states)”. This system is both: Controllable and Observable. The program returns to 
the main LQR menu and we select the second option which solves the Steady-State Linear Quadratic Regulator problem. It 
searches the input file and finds one LQR design dataset “Pitch LQR Control Design”. Click on “Run Selected Input Set” to process 
it. The state-feedback controller “LQR State-Feedback Control for Pitch Axis” will be saved in the systems file as a gain matrix Kq. 



 

 

  



1.4 Lateral Control System Analysis 

From the coupled rigid vehicle model will now extract two lateral systems: an analysis system and a smaller system 
for lateral LQR control design. The second system will be used to calculate the lateral mixing logic matrix that 
combines four aero-surface deflections, the 2 flaps and the 2 rudders. The throttling engine and the body-flap are not 
included because they do not contribute in the lateral axes. The mixing logic will decouple the roll and yaw axes and 
it will be included in the LQR control design system that will be processed by the LQR program to create the lateral 
state-feedback gain. The feedback signal from the angle of sideslip will be replaced with a beta-estimate. We will 
perform stability analysis and use a simulation to analyze the system performance to guidance commands and to 
wind-gusts. 

The analysis files for the lateral axes are in folder: “Flixan\Examples\18-Rocket Plane\1-Rigid Body Control Design\2-
Lateral Design”. The vehicle input file is: “Rocket_Later_RB.Inp” and the systems file is: “Rocket_Later_RB.Qdr”. The 
input file includes a batch set on the top that creates the vehicle model, performs the LQR design and exports the 
data for Matlab analysis. The input data file is shown below. There are two vehicle systems. The first one includes the 
engine and all 5 aerosurfaces. The second vehicle system “Rocket Plane at Mach=0.85, Q=150, Rigid Body (for 
computing the lateral mixing matrix Kmix)” is used to create the lateral design system and the mixing matrix, and 
uses only four aerosurfaces. The mixing logic dataset “Lateral axes Mixing Matrix for Rocket-Plane, Kmix” creates a 
mixing logic matrix that converts the roll and yaw acceleration demands to aerosurface deflections. The lateral design 
model is extracted from the combined system by selecting only the lateral variables. 

Input File “Rocket_Later_RB.Inp” 

 



 

The vehicle system “Rocket Plane at Mach=0.85, Q=150, Rigid Body (for computing the lateral mixing matrix Kmix)” is used to 
create the LQR design system and the mixing logic matrix Kmix. The mixing logic program processes the dataset title: "Lateral 
axes Mixing Matrix for Rocket-Plane, Kmix”, which includes only four aerosurfaces, to calculate the (4x2) lateral mixing-logic 
matrix "Kmix" that converts the roll and yaw flight control demands δP and δR to 4 aerosurface deflection commands. The matrix 
Kmix has only two control inputs: the roll acceleration (p-dot), and the yaw acceleration (r-dot) which are the two directions to 
be decoupled by the mixing logic matrix. 

A systems modification dataset is used to create two lateral systems by extracting the lateral variables from the original vehicle 
system: (a) the “Lateral Design Model” for the LQR design. It includes only the four control-surfaces (2-flaps and 2-rudders) and 3 
states: roll and yaw body rates, and sideslip beta. The output is equal to the states, C=I, and (b) the lateral analysis system 
“Rocket Plane at Mach=0.85, Q=150, Rigid Body, Lateral Axes” by extracting the lateral states and outputs from the original 
system. The lateral design model is further augmented with one additional state, p-integral, because we want to control the bank 
angle. The systems combination dataset “Lateral Design Model with p-Integral (4-states)” introduces p-integral and pre-
multiplies the system with matrix Kmix to decouple roll and yaw and to reduce the number of inputs to two: roll and yaw control 
demands. The final LQR design system is “Lateral Design Model with p-Integral (4-states)”. 



 



 

The LQR state-feedback dataset “Lateral LQR Control Design” is included in the input file. It uses the design system 
“Lateral Design Model with p-Integral (4-states)” to calculate the 2x4 state-feedback gain matrix Kpr. The gain matrix 
is saved in the systems file and its title is “LQR State-Feedback Control for Lateral Axes”. The state and control 
penalizing matrices Qc4 and Rc2 for the lateral LQR design are read from the systems file and they are permanently 
saved there. The vehicle systems, the mixing logic and the state-feedback gains are converted to Matlab format (Kmix 
& Kpr). 



 

Processing the Input File in Batch Mode 

We will now process the input file in batch mode to extract the lateral systems and design the LQR control gain. Start 
the Flixan program, select the lateral design folder “2-Lateral Design”, and from the top menu select “File 
Management”, “Managing Input Files”, and then “Edit/ Process Input Files”, as shown. The input file manager utility 
comes up and from the left menu select the input file “Rocket_Later_RB.Inp” and click on “Select Input File” button. 
The right menu shows all the datasets which are in the input file. Select the batch set “Batch Set for Creating Rigid-
Body Models for the Rocket-Plane” and click on “Process Input Data” to process the entire file. The data are saved in 
the systems file and Matlab files. Batch processing is a lot faster way to create the dynamic systems in comparison 
with the interactive processing. A detailed description of the interactive vehicle modeling, mixing logic, and LQR 
control design processes will be given in Section 1.3. 

 



 

 

Lateral Control System Simulation Model 

Figure 1.10 shows the Simulink model " Closed_Later.slx" in folder “2-Lateral Design” used for lateral closed-loop 
simulations. It consists of two control loops: the aileron loop that controls the vehicle in roll and the rudder loop that 
controls the yaw axis. The lateral vehicle block, in Figure 1.11, includes the system “Rocket Plane at Mach=0.85, 
Q=150, Rigid Body, Lateral Axes” from file “vehi_rblat.m” and it does not include the mixing matrix. The control 
system produces roll and yaw control demands (δP and δR) which are converted to 2-flap and 2-V-tail deflections by 
the mixing logic matrix Kmix which is included in the input of the lateral vehicle model. It reduces the number of 
vehicle inputs from four aerosurfaces to two controls. It also attempts to decouple the roll and yaw axes by 
minimizing interaction between the two loops and producing the commanded accelerations, open-loop.  

A beta-estimator is used replace β-feedback with an estimated �̂�𝛽 calculated from the lateral accelerometer signal �̈�𝑦. 
Two 2nd order actuator subsystems of bandwidth 50 (rad/sec) are also included in the vehicle block. The command 
input is roll φcmd in (deg). There is also a wind-gust input disturbance impulse of velocity 50 (ft/sec). A low-pass filter is 
included to shape the wind-gust impulse. The LQR state-feedback controller Kpr converts the roll and yaw rates (p, r), 
the angle of sideslip (β) and the roll angle error (φe) to roll and yaw control demands. The bank angle will be later 
used to control the heading direction. The parameters are initialized by running the file “init.m” which loads the 
systems, matrices, actuator, estimator parameters and calculates the control gains. The simulation calculates the 
response of the lateral system to phi-commands and to lateral wind-gust disturbances. The pink outputs are saving 
the simulation data in the Matlab workspace and plotting them using the script m-file “pl.m”. 



 

Figure 1.10 Lateral Closed-Loop Simulation Model “Closed_Later.slx” 

 

Figure 1.11 Lateral Vehicle Dynamics Block in Detail 

 



 

Figure 1.12 Lateral State-Feedback Controller 

 

Figure 1.13 Beta Estimator Estimates Beta from the Lateral Accelerometer and the Aerosurface Deflections 

The Angle of Sideslip Estimator 

The LQR controller assumes that the inputs are from the roll and yaw rates (p, r), β and p-integral. The sideslip β 
state, however, is not measurable and we will use an estimator to estimate it from the lateral acceleration Ny and 
the aerosurface forces. The estimator is shown in Figure 1.13 and it solves the lateral force equation in real-time. The 
inputs are lateral acceleration and deflections of the four aerosurfaces. The output is the estimated β and it will 
converge to the real sideslip angle βwind when the vehicle aerodynamic coefficients are reasonably known. The 
estimated β will replace the actual vehicle β as shown in Figure 1.10. The estimator parameters (dynamic pressure, 
vehicle mass, and aero coefficients) are loaded into Matlab from the initialization file. 

  



The LQR Design System 

The system used for LQR design is “Lateral Design Model with p-Integral (4-states)”, shown in Figure 1.14. It consists 
of the “Lateral Design Model”, the p-integral and the mixing logic matrix Kmix. 

 

Figure 1.14 Lateral Design Model with p-Integral (4-states) 

Lateral Simulation Results 

Figures 1.15 show the lateral system’s response to a 10° roll step attitude command followed by a wind-gust 
disturbance of 45 (ft/sec) in the lateral direction which occurs 5 seconds after the attitude command. The vehicle is 
using mostly asymmetric flap deflections to perform the roll maneuver and to counteract the wind-gust. The roll 
angle responds fast and it is tracking the command. There is a small transient occurring due to the wind-gust. The 
estimated beta is almost identical to the actual beta angle. The side acceleration (Ny) in (ft/sec2) is almost 
asymmetric to beta. 

 



 

Figure 1.15 Lateral Vehicle Response to the Roll Attitude Command 

  



Lateral System Stability Analysis 

The Simulink model: “Open_Later.slx”, in Figure 1.16 is used to analyze lateral axes stability. It consists of the same 
subsystems as in the lateral simulation model with two control loops: roll and yaw loops. The Matlab file “frequ.m” 
calculates the frequency response of this open-loop system and plots the Bode and Nichols plots that show the 
system’s stability margins. The Bode and Nichols plots in Figures 1.17 and 1.18 show that the system has excellent 
phase and gain margins and a cross-over frequency of 3.76 (rad/sec).  

 

Figure 1.16 Simulink Model "Open_Later.slx" Used for Lateral Frequency Response Stability Analysis 

1.5 Interactive Processing of the Lateral Vehicle Data 

We will now process the input file “Rocket_Later_RB.Inp” interactively, one dataset at a time, beginning with the 
lateral vehicle model, the mixing logic matrix, the LQR design plant, the LQR design, and finally exporting the systems 
and matrices to Matlab. 



 

Figure 1.17 Roll Axis Bode and Nichols Plots Showing Gain and Phase Margins 



 

Figure 1.18 Yaw Axis Bode and Nichols Plots Showing Gain and Phase Margins 



Vehicle Modeling:  

The lateral input file includes two vehicle datasets. The first one is for simulation purposes and the second one is for creating the 
LQR design model and the mixing logic matrix Kmix. We start the Flixan program and go to directory “Flixan\ Examples\18-Rocket 
Plane\1-Rigid Body Control Design\2-Lateral Design”. From the main menu go to “Program Functions”, “Flight Vehicle/ 
Spacecraft Modeling Tools”, and then select “Flight Vehicle State-Space Modeling”. From the filename selection menu select the 
vehicle input and system filenames and click on “Process Files”. The program scans through the input data file 
“Rocket_Later_RB.Inp” searching for vehicle data and it shows their titles in the following menu. Select the second vehicle data 
title: “Rocket Plane at Mach=0.85, Q=150, Rigid Body (for computing the lateral mixing matrix Kmix)”, and click on “Run Input 
Set” to process it. 

 



 

The flight vehicle modeling program interactive dialog comes up showing the vehicle title, modeling options, and the vehicle data 
at a fixed flight condition. This vehicle dataset has only 4 aerosurfaces. The data appear in separate tabs. The aerosurfaces data 
are shown in this case. There are buttons in the upper right-hand corner for creating a new dataset or modify the existing dataset 
and save it under a different title. You can also view and edit the input file. Click on “Run” and the program will process the 
dataset, create the vehicle state-space system for this configuration, and save it in file “Rocket_Later_RB.Qdr” under the same 
title and include the comment lines.  

Extracting the Lateral Design System:  

The next step is to extract two lateral systems from the coupled vehicle system. A system to be used for simulations and stability 
analysis, and a lateral design system for lateral control design using LQR. The systems modification program will be used to 
extract the reduced lateral systems from the original system. Two system modification datasets are already included in the input 
data file: “Rocket_Later_RB.Inp”. We will show the second one “Lateral Design Model”. The program reads the coupled system 
“Rocket Plane at Mach=0.85, Q=150, Rigid Body” that was created by the vehicle modeling program, extracts the 2-flaps and 2-
rudder aerosurfaces, and the lateral variables (p, r, β). From the main menu go to “Program Functions”, “Creating and Modifying 
Linear Systems” and then “Modifying, Scaling State-Space Systems”. From the filenames selection menu select the input and the 
system filenames. The program searches for system modification datasets and it shows their titles in the menu below. Select the 
set “Lateral Design Model” and click on the “Run Selected Input Set” button to process the data and to extract the lateral design 
system. The reduced lateral system is saved in the systems file under the same title “Lateral Design Model”. 



 

Derivation of the Lateral Mixing Logic Matrix:  

The second vehicle system has only 4 aerosurface control inputs: the 2 flaps and the 2 rudders that will be used for roll and yaw 
control. We will use the mixing logic program to derive the lateral mixing logic matrix that pre-multiplies the open-loop vehicle 
and attempts to decouple the two lateral control directions. It converts the roll and yaw acceleration flight control demands (δP, 
δR) to 4 aerosurface deflections that produce the required accelerations in the corresponding directions, open-loop. The mixing 
logic matrix attempts to diagonalize the lateral design model and minimizes the dynamic coupling between the two lateral 
control loops. To run the mixing logic program, from the Flixan main menu go to “Program Functions”, and select “Create Mixing 
Logic/ TVC”. From the filenames selection menu select the input and the system filenames as before. Select the second vehicle 
data title: “Rocket Plane at Mach=0.85, Q=150, Rigid Body (for computing the lateral mixing matrix Kmix)”, and click on “Run 
Selected Input Set” to create the mixing matrix from the vehicle data. The next step is to define the two lateral directions to be 
decoupled by the mixing logic. From the accelerations control menu select the roll and yaw accelerations. Enter also a name 
"Kmix" for the aerosurfaces combination matrix and click “OK” to continue. 

 



  

The lateral mixing logic matrix Kmix is saved in the systems file “Rocket_Later_RB.Qdr”. It provides decoupling between the roll 
and yaw directions. Notice that the rudders are also contributing in roll. Yaw is controlled by differential rudder deflections. The 
flaps are also used to counteract the roll due to the rudder deflections. The matrix is also exported into Matlab for further 
analysis. 



 

Figure 1.19 The Lateral Mixing Logic Matrix Kmix 

Creating the Lateral LQR Design Plant: The previously created “Lateral Design Model” includes the body rates (p, r) and the angle 
of sideslip (β) and the inputs are the 4 aerosurface deflections. However, in the design model we should also include p-integral 
which in level flight it is equal to the roll angle (φ). The mixing logic matrix is also included in the design model as shown in Figure 
1.14. The systems combination program will be used to combine the “Lateral Design Model” with the p-integrator to produce the 
p-integral state and multiply the inputs with the mixing logic matrix “Kmix” to replace the 4 aerosurface inputs with two plant 
inputs, δP and δR. The title of the system combination dataset is “Lateral Design Model with p-Integral (4-states)” and it is 
located in the input data file “Rocket_Later-RB.Inp”.  

To create this new system, from the Flixan main menu select: “Program Functions”, “Creating and Modifying Linear Systems”, 
and then “Combine State-Space Systems and Matrices”. From the filenames selection menu select the input and the system 
filenames, as before. The program searches the input data file for systems interconnection datasets and shows their titles in the 
following menu. From the menu select the systems interconnection set “Lateral Design Model with p-Integral (4-states)”, click on 
the “Run Selected Input Set” button to create the lateral design system augmented with p-integral. The following systems 
interconnection dialog comes up showing the system interconnections info. Click on “Run” to process the dataset and the new 
system will be saved in the systems file “Rocket_Later_RB.Qdr” under the title: ” Lateral Design Model with p-Integral (4-states)”. 
It will also be converted to Matlab format for LQR design using Matlab. 

 



 

LQR Control Design:  

The LQR control design dataset is already created in the input file and Its title is “Lateral LQR Control Design”. It uses the lateral 
design system “Lateral Design Model with p-Integral (4-states)” that has two inputs: the roll and yaw control demands, δP and 
δR. The design algorithm also requires the state and control weight matrices Qc4 and Rc2 which are permanently saved in the 
systems file.  

To run the LQR program, select “Program Functions”, “Robust Control Synthesis Tools”, and then “Linear Quadratic Control 
Design”. Select also the input and system files. From the systems menu select the design system “Lateral Design Model with p-
Integral (4-states)” which is both: Controllable and Observable. The program returns to the main LQR menu and select the 
second option which solves the Steady-State Linear Quadratic Regulator problem. Select the LQR design dataset “Lateral LQR 
Control Design” and click on “Run Selected Input Set” to process it. The state-feedback controller “LQR State-Feedback Control for 
Lateral Axes” will be saved in the systems file as a gain matrix Kpr. Note, the LQR control design using Matlab is created by the m-
file “lqr_des.m”. It uses the lateral design model from file “vehi_lat_4x.m” and produces the state-feedback matrix Kg which is 
the same as Kpr. 



 

 

 

  



Transferring Systems to Matlab:  

We will now reformat some of the systems and matrices from the systems file “Rocket_Later_RB.Qdr” to Matlab format. To 
convert the lateral vehicle system, from the Flixan main menu go to “Utilities”, then “Matlab Conversions”, and select “Export to 
Matlab”. From the systems selection menu select the filename “Rocket_Later_RB.Qdr”. From the Matlab directory selection 
window, select the Matlab analysis subdirectory “2-Lateral Design” where the system “Rocket Plane at Mach=0.85, Q=150, Rigid 
Body, Lateral Axes” will be transferred.  

 

The following dialog is for selecting Matlab transferring options. Select to convert a "System (A,B,C,D)"  to a Matlab function (m-
file) format. The option on the bottom right is used to save the Matlab conversion "To Matlab" dataset in the input file. The next 
step is to select the system from the systems file to be converted to an m-file function. The systems selection menu is showing 
the systems in file “Rocket_Later_RB.Qdr”. Select one of the titles: “Rocket Plane at Mach=0.85, Q=150, Rigid Body, Lateral Axis” 
to be converted and click the “Select” button. You must also enter the name of the function file "Vehi_rblat.m". The system's 
quadruple matrices will be converted to an m-file function and saved in file “vehi_rblat.m”. You do not have to type the filename 
extension (.m). The same procedure is also used to convert the LQR design system “Lateral Design Model with p-Integral (4-
states)” to a Matlab m-function. The filename of the control design system is “vehi_lat_4x.m”. 



 

 

Matrix Conversion: The “Export to Matlab” utility can also be used to convert the (4x2) mixing logic matrix “Kmix” from the 
systems file to a Matlab matrix. This time from the “Export to Matlab” dialog, you must select to convert a single matrix instead 
of a system. Then, from the matrix selection menu, select the 4x2 matrix “Kmix” and the matrix will be converted to a Matlab 
matrix in –ascii format in file “Kmix.mat”. Repeat the matrix conversion for the state-feedback matrix Kpr.  

 

  



1.6 Coupled Pitch and Lateral Analysis 

Now that we have analyzed the pitch and lateral systems separately and designed the pitch and lateral flight control 
systems, we can go one step further to analyze them together as a coupled system. In this analysis we will use the 
coupled vehicle system “Rocket Plane at Mach=0.85, Q=150, Rigid Body” which is created from the input file 
“RocketPlane_RB.Inp” and saved in the systems file “RocketPlane_RB.Qdr”. This system is converted to function m-
file “vehi-coupled_rb.m” and loaded into Matlab. We will also use this system to create the mixing logic matrix 
K4axmix that combines the throttling engine with the 5 aerosurfaces. This analysis is performed in subdirectory 
“Flixan\ Examples\18-Rocket Plane\1-Rigid Body Control Design\3-Coupled Vehicle Analysis”.  

Processing the Input File in Batch Mode 

To process the input file in batch mode, start the Flixan 
program, select the coupled analysis folder, and from the top 
menu select “File Management”, “Managing Input Files”, and 
then “Edit/ Process Input Files”, as shown. The input file 
manager utility comes up and from the left menu select the 
input file “RocketPlane_RB.Inp” and click on “Select Input File” 
button. The right menu will show all the datasets which are in 
the input file. Select the batch set “Batch Set for Creating 
Rigid-Body Models for the Rocket-Plane” and click on “Process 
Input Data” to process the input file. The coupled vehicle 
model and the mixing logic matrix will be saved in the systems 
file, and Matlab files will be created.  

 



Mixing Logic Matrix for the Coupled System 

The coupled vehicle system uses all five aerosurfaces and the throttling engine to control the vehicle in four 
directions: three rotational accelerations, plus linear acceleration along the x axis. This time we will use a (6x4) mixing 
logic matrix "K4axmix" which is created by processing the mixing logic dataset “Coupled axes Mixing Matrix for 
Rocket-Plane, K4axmix”. The K4axmix matrix translates the four control demands: roll, pitch, yaw rotational 
accelerations and x-acceleration, to 6 controls: two flaps, two rudders, body-flap deflections and engine throttle 
control (that varies between 0 and ±1 as already described in the longitudinal analysis). The (6x4) mixing logic matrix 
“K4axmix” pre-multiplies the vehicle system and attempts to decouple the four directions and diagonalizes the open-
loop plant (before feedback). It is saved in the systems file “RocketPlane-RB.Qdr” under the title: “Coupled axes 
Mixing Matrix for Rocket-Plane, K4axmix” and it is also saved as a Matlab matrix “K4axmix.mat” and loaded into 
Matlab. 

 

Figure 1.20 Mixing Logic Matrix “K4axmix” for the Coupled System 

 

Figure 1.21 Mixing Logic Dataset in file “RocketPlane_RB.Inp” that Calculates the Mixing Logic Matrix 

  



Coupled Axes Analysis and 6-dof Modeling 

The Simulink model “Closed_Coupled.slx” in Figure 1.22 is used to simulate the coupled axes vehicle model. It 
consists of four control loops: roll, pitch, and yaw attitude control loops and the axial acceleration loop that controls 
the vehicle speed. The velocity and altitude control systems are the same as before and they are described in the 
longitudinal axes analysis in Section 1.1. The heading control system is included in the lateral axes to control the 
heading direction by commanding the roll angle. The initialization file "init.m" loads the vehicle model, the mixing-
logic matrix, the actuator, the control system gains, and the estimator parameters, which are used in the simulation. 

 

The vehicle dynamics block is shown in detail in Figure 1.23. It includes the coupled vehicle model from file 
“vehi_coupled_rb”, the actuators, the mixing logic from file “K4axmix.mat”, and the wind-gust disturbance. The 
outputs from the mixing matrix are: throttle control, and five aerosurface deflections. The mixing logic block is shown 
in detail in Figure 1.24. The throttle command output is constrained to vary between (-1 and +1). Zero throttle 
corresponds to the nominal thrust 2000 (lbf), throttle=-1 corresponds to zero thrust, and throttle=1 corresponding to 
maximum thrust 4000 (lbf). The cross-range velocity (Vcr) is divided by the total ground speed to calculate the 
heading direction angle (chi). The heading is controlled by bank maneuvers in the lateral axes. The V-dot integrator 
which calculates the vehicle speed is initialized at the nominal vehicle speed which is 823 (ft/sec).  

The initialization file creates a simple 2nd order state-space actuator model of bandwidth 50 (rad/sec) which is used in 
all 3 axes. A gust filter is included in the wind-gust velocity input to soften the rectangular impulse. The pitch and 
lateral LQR control systems were described in the previous sections. The pitch and lateral state-feedback gain 
matrices Kq and Kpr and also the alpha and beta estimator parameters are loaded into the Matlab workspace by the 
initialization file. The estimated alpha and beta replace the real alpha and beta required by the state-feedback 
controller.  

 



 

Figure 1.22 Closed-Loop Simulation Model of the Coupled Vehicle "Closed_Coupled.Slx"  

 

 



  



 

Figure 1.24 Mixing Logic Implementation Including Throttle Limit and Throttle Actuator 

The only block in this simulation that has not been described yet is the Heading direction (χ) control block shown in 
Figure (1.25). It is a simple PI controller that receives the error in the heading direction (χ-err) and commands a 
change in the bank angle φ that changes the heading direction. When the change in heading direction is complete, 
the roll angle returns to zero. 

 

Figure 1.25 Heading Direction Control System 

Six-DOF Simulation 

We will now use the simulation model to analyze the control system’s response to simultaneous commands and 
wind-gust disturbance. The system will be commanded to perform the velocity and altitude change maneuver that 
was shown earlier in Section 1.1. It is also commanded to perform a 5° change in heading direction and a wind-gust is 
applied after 20 seconds. The wind-gust direction relative to the vehicle is defined in the vehicle input data. 

 



 

Figure 1.26 Change in Heading Direction and Cross-Range Velocity 

Figure 1.26 shows the change in heading direction which converges to 5°. It also causes a steady change in cross-
range velocity. The ground speed and altitude also respond to the commands. The altitude response is slower with 
some error. Figure 1.27 shows the vehicle controls, which are: the five aero-surface deflections that perform this 
multi-axis maneuver, and the throttle control. The throttle control momentarily increases to +42% corresponding to 
approx. 3000 (lbf) of thrust in order to achieve the increase in speed and altitude and then it stabilizes to a lower 
level (2070 lbf) to maintain the increase in speed. The temporary increase in thrust also causes a temporary increase 
in the axial acceleration (Ax). 

In Figure 1.28 the wind-gust is an impulse starting at 20 sec and peaking at 50 (ft/sec). Its shape is smoothed out by a 
second order low-pass filter to make it more like a real gust. The angle of attack temporarily increases as needed for 
the vehicle to climb in altitude and then it stabilizes back to nominal. The sideslip angle also increases as the vehicle 
temporarily banks to the right to change its heading and it eventually stabilizes back to zero. The flight path angle (γ) 
also increases during the climb and then it converges to zero when the vehicle returns to level flight at 500 (feet) 
higher altitude.  



 

 

Figure 1.27 Change in Altitude and Speed, Aerosurface Deflections (deg) and Throttle Control 



 

Figure 1.28 Changes in the Angles of Attack, Sideslip and Flight Path Angle 

Figure 1.29 shows the body rates and accelerations. The sharp increase in normal acceleration (Nz) to -1.4 (g) is 
caused by the increase in altitude maneuver. This is an increase from the -1g nominal level flight. The command to 
change flight direction causes the vehicle to bank momentarily in (φ=46°), and as the flight direction (chi) approaches 
its commanded value of 5˚ the bank angle returns to zero. The flight-path angle and attitude are momentarily 
affected by the wind-gust transient but they eventually return to normal. 

 



 

Figure 1.29 Vehicle Attitude Change, Body Rates and Accelerations 

 



Control System Stability Analysis 

The Simulink model “Open_Loop_Coupled.Mdl” in Figure 1.30 located in subdirectory “3-Coupled Vehicle Analysis” is 
used to perform stability analysis in frequency domain. It is a single-input-single-output system for classical control 
analysis and it contains the same elements as the simulation model. It includes the four control loops described but 
the model must be modified by the analyst for each loop. Only the loop to be analyzed should be opened while the 
other three loops must be closed.  

The Matlab file “frequ.m” calculates the frequency response of the open-loop system and plots the Bode and Nichols 
chart for analyzing the system stability. To evaluate, for example, the pitch axis stability we must open the pitch loop 
(as shown below) with the roll, yaw, and throttle loops closed, and calculate the frequency response across the 
opened pitch loop. The (-1) gain in the open loop is introduced in order to set the phase correctly with respect to the 
(-1) point for classical Nichols or Nyquist analysis, which assume negative feedback. The following plots show the 
pitch and the roll Nichols charts and highlighting the phase and gain margins. It is shows that the two loops have 
excellent rigid-body stability margins. The yaw and ground velocity control loops can be evaluated the same way. 

 

Figure 1.30a Simulink Model "Open_Loop_Coupled.Slx" Used for Stability Analysis, Configured for Analyzing Pitch 
Analysis Stability 

 



 

Figure 1.31 Bode and Nichols Plots for the Pitch Axis 



 

Figure 1.30b Simulink Model "Open_Loop_Coupled.Slx" Configured for Analyzing Stability of the Heading Direction 
Control Loop  

To analyze stability of the heading control loop we must open the heading loop at the phi-command, as shown in Fig. 
1.30b, with the roll, pitch, yaw, and throttle loops closed, and calculate the frequency response across the opened 
phi-command loop. 

 



 

Figure 1.32 Bode and Nichols Plots for the Heading Control Loop 



2.0 Flexible Vehicle Analysis (Without Aero-Elastic Coefficients) 

In this section we will continue analyzing the rocket-plane by introducing structural flexibility in the vehicle model 
and repeating the analysis. We will modify the vehicle model to include 30 flexible modes and we will refine the 
control system by introducing filters that will attenuate the structural modes and avoiding to excite flex oscillations. 
The structural flexibility is defined by modal data which are created from a finite-elements model (FEM) of the rocket 
vehicle. We must first process the modal data file, select the dominant modes, and scale the data so they can be 
combined with the rigid vehicle data. Aero-elasticity coefficients will not be included in this model but they will be 
introduced later in Section 3. We will also include "tail-wag-dog" dynamics for the aero-surfaces and create more 
efficient actuator models for the flaps, rudders and body-flap, using the Flixan actuator modeling program. They will 
be used to model the dynamic coupling between actuator and vehicle structure. The simulation models will also 
include the mixing logic matrix and the LQR control gains that were derived in Section-1. The Flixan models and 
analysis is performed in directory “Flixan\ Examples\18-Rocket Plane\2-Flex Model”. The input data file is 
“RocketPlane_Flx.Inp” shown below. 

2.1 Input Data File 

The title of the vehicle data is “Rocket Plane at Mach=0.85, Q=150, Flex Model”. It is similar to the rigid-body vehicle 
data-set that was used in Section 1. The control surfaces and the engine data are the same as before but there are 
some differences. 

1. The "tail-wags-dog" option in the control surfaces is turned-on, “WITH TWD”. This flag creates 10 additional inputs 
in the vehicle system. In addition to the aerosurface deflection inputs (rad), this model will also include five 
additional inputs for the control surface rates in (rad/sec) and another five inputs for the control surface 
accelerations in (rad/sec2) which are used for modeling the TWD. The TWD flag also creates five additional hinge-
moments outputs. They are also known as load-torque outputs because they represent torques at the aerosurface 
hinges due to the vehicle translational and rotational accelerations. They react against the actuator control 
torques. Clockwise moments about the hinge vector are considered positive. The hinge moment outputs are fed-
back into the actuator load-torque inputs to close a mechanical feedback loop, as it will be described later in this 
section. 

2. This vehicle model includes sensors. In the rigid-body model the rotations and accelerations were measured at the 
CG. This time we define the positions of 3 gyros (roll, pitch, yaw) measuring (rad/sec), and two accelerometers: 
lateral and normal accelerometers (Ny and Nz) in (ft/sec2). All sensors are located at the "Navigation Base". The 
total measurement at a sensor consists of rigid-body plus flex motion.  

3. The flexible vehicle dataset also requires a set of modal data. The modes are already pre-selected, scaled and the 
modes set is included at the bottom of the input data file. The title of the modal dataset is “Rocket Plane at 
Mach=0.85, Q=150, Flex Model, (30 Mixed Modes)”. The number of the flex modes to be included is defined in the 
vehicle dataset, and it is 30 modes, “Number of Bending Modes: 30”. The title of the selected set of modes to be 
combined with the vehicle data is also included at the bottom of the vehicle dataset, see above. 

4. The selected set of modes are saved in the same input file. The input file may contain more than one set of modes 
using different titles for different applications. In this case we have two sets of selected modes in file 
“RocketPlane-Flx.Inp”: a set of pitch modes and a set of mixed modes. We will be using the second set, which is 
the mixed modes. The modal dataset contains the mode shapes, slopes and frequencies of 30 modes that were 
selected via a mode-selection process. It is a reduced set of modes that was extracted from a separate, much 
bigger, modal data file that was created from a finite elements program, such as Nastran. The mode shapes and 
slopes correspond to important vehicle locations which are defined in the vehicle model, such as: aero-surface 
hinges, engine, gyros, and accelerometers.  

5. The mode-selection program was used to create the selected set of modes by comparing their modal strengths 
between excitations and sensors and selecting the 30 strongest modes. The mode selection process will be 
discussed later. 

 
 



 



 

Three different electro-mechanical actuator models are created for the flaps, the rudders, and the body-flap. They 
are implemented from 3 different actuator datasets that use the same actuator model type but different parameters 
for each aerosurface because the stiffnesses, load inertias, motors, and overall geometries are different. The 3 
actuator datasets are processed by the Flixan program to create the 3 actuator systems. In addition to the electro-
mechanical parameters the datasets include compensator filters that stabilize the actuator loop. The actuator design 
and stability analysis are presented for each aerosurface in Section-4. 

The flex vehicle, the 3 actuator systems and the mixing-logic matrix are converted to Matlab function m-files using 
the “Export to Matlab” utility. The vehicle system is saved in file “vehi_30flx.m” and the actuators are saved in files: 
“rudder_ema.m”, “flap.m”, and “bodyflap.m”. They will be used to analyze stability in Matlab. 

 





 

  



2.2 Processing the Input File in Batch Mode 

To process the input file in batch mode, start the Flixan program, 
select the analysis folder “18-Rocket Plane\2-Flex Model” and 
from the top menu select “File Management”, “Managing Input 
Files”, and then “Edit/ Process Input Files”, as shown. The input 
file manager utility comes up and from the left menu select the 
input file “Rocket_Later_RB.Inp” and click on “Select Input File” 
button. The right menu shows all the datasets which are in the 
input file. Select the batch set “Batch for Creating the Flexible 
Rocket Plane” and click on “Process Input Data” to process the 
entire file. The data are saved in the systems file and Matlab files.  

 

  



2.3 Creating the Vehicle System from Scratch by Entering the Vehicle Data 

Let us assume for tutorial purposes that the vehicle data and the selected modal data do not exist in file 
“RocketPlane_Flx.Inp” and we have to create them from scratch. To create the vehicle dataset, start the Flixan 
program and select the directory “Flixan\ Examples\ 18-Rocket Plane\2-Flex Model”. From the Flixan main menu go 
to “Program Functions”, “Flight Vehicle/ Spacecraft Modeling Tools”, and then “Flight Vehicle State-Space Modeling”. 

 

Select the input and the systems filenames from this 
menu. Do not process the already existing vehicle 
dataset but click on “Create New Set” to create a new 
vehicle dataset in the input file “RocketPlane_Flx.Inp”. 

The flight vehicle modeling dialog comes up where you 
can enter the vehicle rigid-body data, starting with the 
new title, the number of engines, aerosurfaces, 
sensors, flags, the number of flex modes, and then 
select the various tabs to enter different types of 
vehicle data, such as mass properties, aerosurfaces, 
engine, etc. Click on “Update Data” every time you 
finish a tab. The click on “Save in File” to save the 
vehicle dataset in the input file. To run it click on “Run”. 



 

2.3 Flex Data Files 

The set of modal data which are included in the input file “RocketPlane_Flx.Inp” have already been pre-selected and 
scaled using the mode-selection utility in Flixan. They contain mode shapes and slopes at the aerosurface hinges, the 
engine and at the sensors. The flex modes in this implementation are excited mainly by forces and torques which are 
applied at the aerosurface hinges. There are aerodynamic forces due to surface deflections and also reaction forces 
and torques at the hinges due to aerosurface accelerations, as it is described in the flight vehicle equations of motion 
documentation, Section 2.7.  The modes are extracted from a bigger modal data file that was created from a finite 
elements model of the rocket vehicle and it contains many modes and a lot more vehicle locations (nodes). Before 
we get into the mode selection and scaling of the modal data, let's take a look into the original modal data file and 
also the nodes file (map). 

Modal Data  

The modal data file “RocketPlane.Mod” is a big file that contains in general many flex modes created by the FEM. In 
this case, however, it is not very big and it contains mode shapes and frequencies of the first 34 modes. An 
intermediate program was used to convert the Nastran output to a (.Mod) format which is recognizable by the Flixan 
mode selection program. The first two lines are titles. The next line includes the number of modes and the number of 
vehicle locations, 34 modes and 34 nodes. This modal data file includes 34 frames of data, a frame for each mode.  

The first mode frame is shown in Figure 2.1 and they all have the same structure. The first line in each frame includes 
the mode number, the modal frequency in (rad/sec), the damping coefficient (ζ), and the modal mass (mg) in (lb-
sec2/inch). The following lines of each frame consist of 7 columns. Each line corresponds to a vehicle location (node). 
The first column includes the node ID number from Nastran. The next 3 columns are the generalized modal 
displacements (in/in) along the x, y, z axes as defined in the FEM. The last 3 columns are the modal slopes (rad/inch), 
three rotations about x, y, z. They are calculated at 34 vehicle nodes which are more than the locations we need for 
creating this vehicle model. 



 

Figure 2.1 Nastran Generated Modal Data File “RocketPlane.mod” 

Nodes Map  

The nodes map file for this vehicle is “RocketPlane_Flx.Nod”. It is used as a look-up table by the mode selection 
program to help the analyst navigate through the modal data file and to match vehicle locations with nodes in the 
modal data. This file begins with 3 title lines on the top followed by a list of nodes in 6 columns. The nodes 
correspond and identify the locations in the modal data file (.Mod). The first column includes a short description of 
each location in the same sequence as in the modal data file. The second column is the node number (1 to 34) in 
ascending sequence (not the node id). The third column is the node id which is a large number (typically 4-5 digits 
long) created by the finite elements program and used for node identification. The next 3 columns include the x, y, z 
location of each node in vehicle coordinates.  

The map file is used by the mode selection program. The nodes table pops-up in window menus when running the 
mode-selection program interactively. The analyst uses those menus to select vehicle locations and associate them 
with structural nodes in order to read the corresponding shapes and slopes from the modal data file. The nodes table 
is also used to select nodes and to perform mode strength comparison between specific structural points in order to 
select the dominant flex modes. 



 

Figure 2.2 Nodes Identification Table for the Modal Data 

2.4 Modal Data Preparation 

We will now describe the mode selection process that was used to create the selected set of modes “Rocket Plane at 
Mach=0.85, Q=150, Flex Model, (30 Mixed Modes)” which will be processed together with the vehicle data to create 
the flexible vehicle model. The selected set of modes is smaller, both, in terms of modes and nodes, in comparison 
with the original modal data file “RocketPlane.Mod”. It is included as a dataset in the same input file below the 
vehicle data. In fact, in this example we will prepare two sets of selected modes: a set of predominantly pitch modes 
and a set of mixed modes that includes both: symmetric and anti-symmetric flex modes. The mode selection program 
also uses the vehicle dataset which is also used by the vehicle modeling program because it will extract modal data 
that correspond to the vehicle actuators and sensors. 

Start the Flixan program and go to directory: “C:\Flixan\Examples\18-Rocket Plane\2-Flex Model”. From the main 
menu select: “Program Functions”, “Flight Vehicle/ Spacecraft Modeling Tools”, and then “Flex Mode Selection” to 
begin the mode selection program. Click "Continue" in the introduction. From the filenames selection menu select 
the modal data file “RocketPlane.Mod”, the nodes (map) file “RocketPlane.Nod”, and the vehicle input data file 
“RocketPlane_Flx.Inp”. Select also the default output file that saves a list of mode strength versus mode frequency 
for all modes calculated between the excitation and sensor points, in specified directions. From the following menu 
select the title of the only vehicle input data-set “Rocket Plane at Mach=0.85, Q=150, Flex Model”. 



 

The next dialog is used to define the range of modes to 
be compared in strength and also the number of sensor 
and excitation points to be used in the mode selection. In 
this case we will compare all modes, from 1 to 34. Select 
the number of excitation forces (2) and torques (0), and 
also the number of translational (0) and rotational (1) 
measurements to be used in calculating the mode 
strength. Note that, the excitation and sensor locations 
chosen for mode selection are not necessarily the same 
as the actuator and sensor locations used in the vehicle 
model. They are only used for comparing the modal 
strength. Select the “Graphics” option in the dialog so 
that you will manually select the modes from a bar chart.  

  



The next step is used for scaling and modifying the modal data. The mode shapes and slopes must be in units which 
are compatible with the vehicle data and not use the default Nastran units which are typically different from GN&C. 
The directions of the coordinate axes may also be different in the FEM. The x and z directions should be reversed 
because in Nastran models +x is usually defined towards the back of the vehicle and +z is up. The y direction is the 
same in both models. The modal data, therefore, are usually modified during mode selection. So, answer "Yes" in the 
following question "Do you want to modify the modal data"?  

 

The generalized mass is defined in (lb-sec2/inch) in which case it must be multiplied by 12 to be converted to (lb-
sec2/ft). Similarly, the modal slopes must be multiplied by 12 in order to be converted to (rad/feet). The mode 
selection program uses the following dialog which enables us to scale the modal data as needed to match the vehicle 
data. The default values were used in this case. 

 

  



The next step is to define the excitation and sensor points on the structure to be used for mode strength comparison 
in order to select the stronger modes. This is not for defining modal data for the effectors and sensors.  This will 
come later. In a previous dialog we specified that we will use two force excitation points and one rotational 
measurement point for mode-selection. We must now define those points and also the force directions using menus 
that include the nodes table. In the following menu select the location of the first force excitation point. For example, 
in selecting pitch modes we should apply the forces on the left and right flaps along the +Z direction to excite mainly 
the symmetric modes. Use the menus to choose node #20 “Left Flap Center” for force excitation #1, and node #23 
“Right Flap Center” for force excitation #2, both in the +Z direction. 

 

 

  



Similarly, for the rotational sensor, select node #33 “Center Navigation Base” and the measurement is in the positive 
pitch direction. The node selection dialogs are using the data from the nodes map file “RocketPlane.Nod” to make it 
easy for the analyst in choosing locations. 

 

The selection of the excitation and sensor points to be used for mode strength comparison is now complete. The next 
step is to select nodes in the flex model that correspond to important vehicle locations such as the aerosurface 
hinges, the fixed engine, and the sensors which are defined in the vehicle data. The locations entered here are not 
necessarily be the same as the nodes used in the mode selection. The program will display similar menus using the 
nodes map window and ask the user to identify locations for the 5 control surface hinges, the engine, the 3 gyros, the 
2 accelerometers, and a disturbance point. 

 



For example, the menu below is used for choosing a node for the first control surface. The user must select the “Left 
Outboard Flap Hinge Line” which is node #22, and clicks “OK”. For the second control surface which is the “Right 
Outboard Flap Hinge Line” the user selects node #25, and also for the remaining aerosurfaces in the same order 
which they are defined in the vehicle data: left rudder, right rudder, and body-flap. For the engine we pick node #31 
because it is near the body-flap. For the 3 gyros and the 2 accelerometers we pick node #33, and finally a disturbance 
point.  

The program will read the mode shapes and slopes at the selected locations and it will perform a mode strength 
comparison from the excitation points and directions to the sensor points and directions. It will save the mode 
strength for each mode in file “Modsel.Dat”. The user is also asked to enter a short title to identify the mode 
selection, such as "Pitch Modes". 







The program finally shows a bar-chart that compares the mode strength for each mode versus mode number in the 
pitch direction. The color of all bars is initially red before selection. The analyst manually selects one mode at a time 
from the bar-chart, to be included in the selected set, by clicking on the chosen tall bar with the mouse. When a 
mode is chosen, the color of the bar changes from red to green. Press the “Enter” key when the selection is complete 
to save the modes set. Figures 2.3 and 2.4 show two bar-charts that compare the relative mode strengths resulting 
from two types of mode selection cases: a pitch selection that was just described and a roll axis selection. 

 

Figure 2.3 Mode Strength Comparison and Modes Selected (Green) for the Pitch Axis 

In the roll mode selection case, shown in Figure 2.4, the two flaps were excited anti-symmetrically with opposite 
forces in the ±Z direction and also with anti-symmetric pitch torques at the hinges of the two flaps. A rotational 
sensor was included for measuring roll. Notice that the modes that are strong in pitch are not strong in roll, and vise-
versa.  



 

Figure 2.4 Mode Strength Comparison and Modes Selected (Green) for the Roll Axis 

In the field below the user may finally write a short description that provides information about the mode selection 
process. Explain, for example, the rationale behind the choices made, such as, conditions, actuator and sensor 
locations, forcing directions, etc. The user notes will be included as comment lines below the title in the selected 
modes set. The selected set of mode frequencies and shapes is finally saved in file “RocketPlane_Flx.Inp” and ready 
to be processed by the vehicle modeling program, as already described in Section (2.2). The default title of the modal 
set was modified to: “Rocket Plane at Mach=0.85, Q=150, Flex Model, (22 Pitch Modes)”. 

 

 

 



2.5 Actuator Model 

When analyzing the rigid-body model, and without including TWD dynamics, a simple 2nd order actuator model was 
sufficient in this preliminary level. With flexibility, however, and the TWD included in the aerosurfaces we will need 
more refined actuator models that in addition to the deflections, they also produce aerosurface rate and acceleration 
outputs, in order to implement the TWD and load-torque feedback dynamic effects. The position, rate, and 
acceleration actuator model outputs are inputs to the vehicle system. The aerosurface rotational accelerations about 
the hinge create the TWD reaction forces and moments on the vehicle and they also excite flexibility.  

The rotation of a control surface relative to its hinge is the result of two torques which are applied to the control 
surface: a control torque created by the actuator which in this case is an electro-mechanical actuator shaft that 
pushes against the load, and also an external load-torque generated by the vehicle motion, mainly due to rotational 
and translational accelerations of the vehicle at the hinges. The actuator model in addition to the linear shaft 
dynamics and the shaft position control system, it also includes the rotational dynamics of the aerosurface load and 
the associated: backup, load and shaft stiffnesses. The external load-torque is also included in the actuator model 
and the load acceleration relative to the hinge is affected by both: the control torque and also the load-torque. The 
control torque is produced internally in the actuator model due to the deflection command driving the shaft motor, 
but the load-torque is an external input from the vehicle system. The load-torque is a mechanical feedback loop from 
the vehicle's hinge moment outputs to the actuator load-torque input.  

The actuator models in this example are electro-mechanical type (b) and they are fully documented in the actuator 
modeling Section-4. Each type of aerosurface (flaps, rudders and body-flap) is driven by the corresponding actuator. 
The actuator parameters for each type are already saved in separate datasets in file “RocketPlane-Flx.Inp”. Each 
dataset includes different actuator parameters, such as inertias, stiffnesses, geometry, etc. and they are processed by 
the actuator modeling program to create the actuator systems. To process the rudder actuator dataset “Electro-
Mechanical Rudder Type-B Actuator”, start the Flixan program and select the directory “18-Rocket Plane\2-Flex 
Model”. From the main menu go to “Flight Vehicle/ Spacecraft Modeling”, and then to “Actuator State-Space 
Modeling” program. From the filename selection menu select the input file “RocketPlane_Flx.Inp” and the systems 
file “RocketPlane_Flx.Qdr”. The actuator selection menu comes up showing the titles of the actuator datasets in file. 

 



 

The input file includes 3 actuator datasets. Select the rudder actuator title from the above menu and click on “Run 
Selected Input Set”. The program recognizes that the actuator is an electro-mechanical type (b) model and it opens 
the following actuator dialog showing the actuator parameters. Click on “Run” to process the dataset and also 
confirm the 1st order compensator coefficients in the next dialog. The actuator state-space system will be saved in 
the systems file under the same title “Electro-Mechanical Rudder Type-B Actuator”. The final step is to convert this 
actuator state-space system to an m-function format that can be exported into Matlab. The name of the actuator m-
file is “rudder_ema.m”. 

 



2.6 Closed-Loop Simulation Model with Structural Flexibility 

The Simulink model with flexibility and TWD is in file "Closed_Loop_Flx.Slx", shown in Figure 2.5. It consists of 5 
control loops: roll and yaw loops, the pitch control loop that controls altitude by commanding alpha, the axial 
acceleration loop that controls speed by throttling the engine, and the heading direction control loop that controls 
heading by banking. It is similar to the rigid-body simulation model described in Section 1 but with some 
improvements. The vehicle subsystem “Rocket Plane at Mach=0.85, Q=150, Flex Model” which is loaded into Matlab 
from file “vehi_30flx.m”, includes the 30 flex modes and the tail-wags-dog effects of the 5 aerosurfaces. The vehicle 
block is shown in detail in Figure 2.6. It includes the (6x4) mixing logic matrix “K4axmix” that converts the roll, pitch, 
yaw, and axial acceleration demands into effector commands.  

 

Figure 2.5 Closed-Loop Simulation Model with Flexibility "Closed_Loop_Flx.Mdl" 



  



The file "init.m" below initializes the simulation by loading the flex vehicle, the 3 actuators, the effectors mixing logic 
matrix K4axmix, the pitch and lateral LQR gain matrices Kq and Kpr, and the (α, β) estimator parameters into Matlab. 

 

Figure 2.7 Mixing Logic that Combines Throttle Control and Aero-Surface Deflections 

The Mixing-Logic matrix converts the roll, pitch, yaw, and axial acceleration demands to thrust variations and 5 aero-
surface deflections. The engine throttle control is the first vehicle input that varies between (-1 to +1), with zero 
corresponding to the nominal thrust of 2000 (lbf), (-1) corresponding zero thrust, and (+1) corresponding to the 
maximum 4000 (lbf) thrust. Five separate actuators are used, one for each aerosurface. They are combined to an 
actuator subsystem in Figure 2.8. The 5 position, 5 velocity, and 5 acceleration outputs from the actuators are driving 
the corresponding inputs in the flexible vehicle model.  

The vehicle system in Figure 2.6 has five additional outputs which are the hinge moments at the five aerosurfaces. 
These are the external load-torques that we talked about representing the mechanical external loading on the 
actuators caused by the vehicle acceleration. The direction of a hinge moment is defined to be positive when the 
torque is in the clockwise direction about the hinge vector. The hinge moments are fed-back to the actuator hinge 
moment inputs. The last input to the vehicle model is the wind-gust disturbance. A gust filter is included in the 
vehicle gust input to smooth out the rectangular wind-gust velocity impulse and make it more realistic.  

 



 

Figure 2.8 System of 5 Aero-Surface Actuators 

The remaining of the flexible Simulink model is very similar to the rigid-body model. The cross-range velocity (Vcr) is 
divided by the total ground speed in order to calculate the heading direction angle (chi) which needs to be controlled 
by roll maneuvers. The heading direction controller is part of the lateral control system. It receives a change in 
heading direction command (chi-cmd) and commands a momentary change in bank angle to achieve the required 
change in the heading direction. The bank angle returns to zero after the change in heading direction is achieved. The 
V-dot integrator which calculates the vehicle speed is initialized at the nominal vehicle speed which is 823 (ft/sec).  

Several notch and low-pass filters were included in the control systems to prevent flex mode instabilities. The 
initialization file loads also the alpha & beta estimator parameters, because the estimated alpha and beta replace the 
real alpha and beta angles required by the LQR controller.  



 

 

Figure 2.9 The Flight Control System is now Modified to Include Filters 



2.7 Simulation Results 

The Simulink model "Closed_Loop_Flx.Mdl" in Figure 2.5 is now used to simulate the system’s response to commands 
and to the wind-gust, similar to Section-1. This time the vehicle model includes flexibility and "tail-wag-dog" 
dynamics that can be noticed in the accelerations. The gust impulse is applied at 5 (sec) and its duration is shortened 
to excite flexibility. Two additional plots are included showing the control surface accelerations (from the actuator 
outputs) and the hinge moments due to vehicle motion. The Matlab file “pl.m” is used to plot the simulation data. 

 

Figure 2.10 Change in Heading Direction, Altitude and Speed due to Commands 



 

Figure 2.11 Engine Throttle and Aerosurfaces Response to Commands and Gust 





 

Figure 2.12 The Vehicle Rolls 45 (deg) to the Right to Change Direction and it Returns to Zero Roll 

The effects of structural flexibility are visible in the aerosurface accelerations and in the hinge moments. Flex modes 
are excited at the surface hinges mainly due to flap deflections. The change in the hinge moments are mainly due to 
aerodynamic loading of the aerosurfaces. The gust also produces a transient in the hinge moments. 



2.8 Stability Analysis 

The Simulink model “Open_Loop_Flx.slx” is used for stability analysis in the frequency domain. It is a single-input-
single-output system for classical control analysis similar to the model that was used for rigid-body analysis. It 
contains the same subsystem blocks as the closed-loop system but the loop to be analyzed is opened, while the other 
three loops must remain closed. The Matlab file "frequ.m" calculates the frequency response across the open-loop 
and plots the Bode and Nichols charts which are used to analyze the system stability. To check, for example, the yaw 
axis stability we must open the yaw loop (as shown in Figure 2.13) with the roll, pitch, and throttle loops closed, and 
calculate the frequency response across the opened yaw loop. The (-1) gain in the open loop output is included in 
order to set the phase correctly for classical control analysis. The system has acceptable phase and gain margins in all 
four loops with a control system bandwidth of approximately 3.5 (rad/sec). The throttle control loop is slower with 
only 0.5 (rad/sec) bandwidth. 

 

Figure 2.13 Simulink Model "Open_Loop_Flx.slx" Configured for Analyzing Yaw Stability  



 

 

Figure 2.14 Stability of the Yaw Axis Loop 



 

Figure 2.15 Simulink Model "Open_Loop_Flx.slx" Configured to Analyze Stability of the Heading Control Loop which 
is Opened at the Phi-Command 



 

Figure 2.16 Stability of the Heading Control Loop 



 

Figure 2.17 Stability of the Roll Axis Loop 



 

Figure 2.18 Stability of the Pitch Axis Loop 



 

Figure 2.19 Simulink Model "Open_Loop_Flx.slx" Configured for Analyzing Stability of the Throttle Control Loop 
that Controls Speed and it  is Opened at the Throttle Acceleration Command 



 

Figure 2.20 Stability of the Throttle Control Loop Used for Speed Control 



3.0 Flexible Vehicle Analysis Using Aero-Elasticity Coefficients 

We will now go one step further in analyzing the vehicle flexibility by introducing the aero-elasticity coefficients that 
couple aerodynamics with the flex modes. The aero-elastic coefficients are also known as Generalized Aerodynamic 
Force Derivatives (GAFD). We will also include inertial coupling coefficients that couple the aerosurface accelerations 
with flexibility. These additional coefficients are generated from the finite elements model. They will be combined 
with the vehicle parameters to create a more accurate structural flexibility model. The GAFD coefficients define how 
the aerodynamic forces and moments vary as a function of the modal excitations (ηj), surface deflections (δas) and 
deflection rates. They also define how the bending modes are excited by the variations in (α, β) relative to wind, and 
the body rates (p, q, r), and how they couple with other bending modes. There are also coefficients that define how 
the moment at an aerosurface hinge varies as a function of angles of attack, sideslip, body rates, accelerations, modal 
displacements, modal rates, and also by the interactions with other control surface deflections and rates. The mode 
selection process presented in Section 2 will not be repeated because the previously selected set of flex modes will 
also be used in this section. In addition to the mode shapes and frequencies, the program will read the GAFD data 
file. It will combine it with the vehicle data and create the flexible vehicle model which is the same size as the 
previous model but it includes the aero-elastic coupling effects which is a more accurate representation than the 
previous model in Section 2. The hinge moment calculations are also more accurate because they are based on a 
better CFD model that produced those coupling coefficients. We will conclude by repeating the analysis that was 
described in Section 2 using the aero-elastic coefficients and compare the results between the two flex models. 

3.1 Generalized Aerodynamic Force Derivatives (GAFD) 

The Generalized Aerodynamic Force Derivatives (GAFD) are used to model the dynamic coupling between structure 
and aerodynamics on a flight vehicle. They are created by combining results from FEM and CFD models and they 
consist of the following sets of coefficients.  

• The first set of coefficients define how the vehicle basic aerodynamic forces and moments, such as CZ, 
Cm, Cn, etc. are affected by the modal displacements (ηj), and the modal rates (𝜂𝜂�̇�𝚥). 
 

• The second set coefficients describe how the modal displacement (ηj) of a flex mode (j), is excited by 
the vehicle motion, such as, changes in angle of attack α, sideslip β, body rates p, q, r, accelerations, 
aerosurface deflections, rates, and also by modal displacements, rates, and accelerations of other 
modes. 
  

• The third set of coefficients are hinge moment coefficients. They define how the moment at the hinge 
of an aerosurface is affected by changes in the vehicle angles of attack, sideslip, body rates, 
accelerations, modal displacements, modal rates, and also by the interactions with other aerosurface 
deflections and rates. 
 

• The original GAFD output includes the rigid-body aerodynamic force and moment derivatives 
produced by changes in angle of attack, sideslip, body rates, accelerations, control surface deflections, 
and surface rates. They are created from the CFD model. These coefficients, however, are not included 
in the GAFD file and they will not be used by the modeling program. More accurate wind-tunnel aero 
derivatives will be used instead which are included in the vehicle input data. 

 

  



Even though the preparation of aero-elastic data is beyond the scope of this document, in the following paragraph 
we will present a brief description on the GAFD derivation in order to point the user in the right direction and 
understand what kind of information is needed. The GAFD data are obtained by post processing the generalized 
aerodynamic forces [Qij] which is a mass matrix obtained from the “Doublet Lattice” program, which is included in 
the finite elements modeling tools. The Qij terms can be used for flutter analysis, loads, and for control system 
analysis.  The generalized aerodynamic forces are complex and are a function of Mach number and a reduced 
frequency. For each Mach number and reduced frequency, a complex generalized force matrix is generated. In the 
flutter analysis, a Mach number and reduced frequency is assumed and the flutter solution is calculated. If the 
solution indicates that the flutter frequency is at a different frequency than the assumed reduced frequency, then 
that solution is invalid. The flutter analysis is then repeated until the flutter frequency equals the assumed reduced 
frequency.  This iterative process is not used in the control system analysis.  A complex generalized aerodynamic 
force matrix is constructed which is independent of reduced frequency. The real part of this complex matrix consists 
of displacement coefficients and the imaginary part consists of the velocity coefficients. The inputs to the Doublet 
Lattice program are the Modal Data (mode shapes and mode frequencies) obtained from the finite elements model. 
The aerodynamic shape of the vehicle is modeled by means of flat plates in the Doublet Lattice program, and it 
computes the aerodynamic coefficients at different Mach numbers. The program finally combines the NASTRAN 
model with the aerodynamic model and produces the Generalized Aerodynamic Forces, the Qij matrix. The finite-
elements-model includes the aerosurfaces with the hinges locked. The hinges are then released in the equations by 
the introduction of the inertial coupling coefficients (also known as h-parameters). 

The GAFD data at a given Mach number consists of a pair of two matrices: a displacements matrix and a velocities 
matrix. The displacements matrix describes how the coefficients are affected by changes in {β, α, p, q, r, ηi, δj}. The 
rates matrix describes how the coefficients are affected by the derivatives of: {β, α, p, q, r, ηi , δj}. The matrix pairs are 
calculated at different frequencies, the 6 rigid body frequencies and at each bending mode. The Displacements 
matrix for (i) number of flex modes and for (j) aero-surfaces has the following form: 
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The Velocities matrix for (i) number of flex modes and for (j) aero-surfaces is: 
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The data files used in this vehicle aero-elastic model analysis are in directory “C:\Flixan\Examples\18-Rocket Plane\3-
Flex Model with Gafd”. The GAFD file “RocketPlane.Gaf”, partially shown below, contains inertial coupling 
coefficients (h-parameters) and the aero-elastic matrix coefficients. It was prepared (not shown details) by post-
processing the double-lattice output which is a much bigger data file, after rescaling it to be compatible with the 
vehicle data and reformatting it to be accessible by the vehicle modeling program. It contains the coefficients 
described for 34 frequencies and the 5 aerosurfaces. The GAFD frequencies correspond to the 34 modes in the modal 
data file "RocketPlane.Mod". The order of the aerosurfaces is the same as in the vehicle data (left and right flaps, left 
and right rudders, and body-flap). It also contains the aerosurfaces moments of inertia about the hinges, the GAFD 
frequencies in (rad/sec), the vehicle reference length and reference area, the reference chords and the reference 
areas for each aerosurface, the inertial coupling coefficients that couple the modal equations with the aerosurface 
accelerations, and the GAFD coefficients. The inertial coupling coefficients, or h-parameters hs(k,j), define the 
excitation of a mode (j) due to the control surface (k) accelerations. They also define the hinge moment variation at a 
surface (k) due to a mode (j) displacement. They are included in the same GAFD data file. The modal equations with 
inertial coupling and aero-elastic coefficients are described in the vehicle equations of motion, Section 2.7, and the 
hinge moment equations are in Section 2.10.  

The vehicle input dataset is "Rocket Plane at Mach=0.85, Q=150, Aero-Elastic Model with GAFD", in file “RocketPlane-
Gafd.Inp”. It is almost identical to the flex vehicle model in Section 2, except that in this case the “Include GAFD” flag 
in the flags line is turned-on to include the additional GAFD data file. The flags line is below the vehicle title and 
comments. When the GAFD flag is set, the program attempts to read and use the GAFD file. Otherwise, if it cannot 
find the file “RocketPlane.Gaf” or if the flag is set to “Without GAFD”, the vehicle modeling program uses only the 
modal data. It is approximating the aeroelastic effects with aerodynamic forces and torques applied at the hinge 
nodes as a result of the aerosurface deflections and accelerations as it was implemented in Section 2. There is 
another identical vehicle dataset in the input file to be used for batch processing. Its title is "Rocket Plane at 
Mach=0.85, Q=150, Aero-Elastic Model with GAFD (Batch)". It is identical to the first dataset except that it is 
conveniently processed in batch mode because it includes the selected GAFD frequency numbers and the selected 
GAFD aerosurface numbers at the bottom of the data-set.  



  



The number of modes to be included is also set to 30 in the vehicle datasets and the selected modes title is included 
in the next line. The selected set of 30 mixed modes, same as the ones used in Section 2, is also included in the input 
file “RocketPlane-Gafd.Inp”. Actually, there are two sets of selected modes in the input file. A set of 22 pitch modes 
and a set of 30 mixed modes. The selected set of modes that will be used in this model are located under the title 
“SELECTED MODAL DATA AND LOCATIONS FOR MIXED AXES MODES”, followed by the title of the modes set: “Rocket 
Plane at Mach=0.85, Q=150, Flex Model, (30 Mixed Modes)”. The title of the selected modes set also appears in the 
vehicle dataset, below the line “Number of Bending Modes: 30”.  

3.2 Processing the Vehicle Data with GAFD Interactively 

Having described the input data files we are now ready to process the first vehicle dataset interactively, including the 
aero-elastic coefficients, using the flight vehicle modeling program. Start the Flixan program and select the directory: 
"Flixan\Examples\18-Rocket Plane\3-Flex Model With Gafd”. From the Flixan main menu go to “Program Functions”, 
“Flight Vehicle/ Spacecraft Modeling Tools”, and then “Flight Vehicle State-Space Modeling”. From the filenames 
selection menu select the vehicle input and the system filenames “RocketPlane_Gafd.Inp” and “RocketPlane-
Gafd.Qdr”. From the flight vehicle data selection menu, select the first title: “Rocket Plane at Mach=0.85, Q=150, 
Aero-Elastic Model with GAFD”, and click on “Run Selected Input Set” to process the data set. 

 

 

 



 

The FV modeling program opens up a dialog that shows the vehicle parameters read from the vehicle data set. Notice 
that the “Include GAFD Data” and the “WITH TWD” flags are set. The vehicle parameters are in tabs and the user can 
only see one tab at a time. You may click on some of the tabs to make sure that the data in the input file are correct. 
The "Control Surfaces" tab will show you the aerosurfaces data. You may also click on the “Flex Modes” tab which 
includes some additional menus. Make sure that the second set of modes (30 mixed modes) is selected from the top 
menu. Select also the file “RocketPlane.Gaf” from the GAFD filename selection menu.  

Click on the “Run” button for the program to read and process the data files. The GAFD file includes data at many 
frequencies that may be more than the selected modes and they must be matched with the selected modes. Also, 
the user may want to choose fewer than the 5 aerosurfaces. The following dialog comes up for the user to select the 
GAFD frequencies and the aerosurfaces from menus. The cyan display on the left shows the frequencies of the 
selected 30 modes which are in file “RocketPlane-Gafd.Inp”, and the white menu on its right shows the frequencies 
read from the GAFD file. The user must select a set of frequencies from the white GAFD frequencies menu that match 
the selected mode frequencies in the cyan menu. The mode frequencies on the left are only a display and not for 
being selected. The GAFD coefficients are calculated at frequencies close to the modal frequencies but not 
necessarily exactly and the user must make the selection manually. The GAFD file must include all the selected mode 
frequencies and, obviously, the menu should contain more frequencies than the cyan display on the left. Using the 
mouse, highlight the frequencies on the GAFD frequencies menu that correspond to the selected mode frequencies 
on the left. Most of them are selected, except of four.  

The second pair of menus on the right side of the dialog is similar to the pair on the left side and it is used in the same 
manner for selecting GAFD data for the five control surfaces which are defined in the vehicle data. In this case all 5 
are selected. The GAFD data for the five control surfaces must be ordered in the same sequence as in the vehicle 
data. Select all five aero-surfaces from the GAFD file using the white menu on the right, that is: left and right flaps, 
left and right rudders, and body-flap. The display on its left just shows the aerosurfaces as they are defined in the 
vehicle dataset in the input data file. Finally, click on “Exit and Process Data” button and the program will process the 
data to create the state-space model of the vehicle with 30 flex modes and aero-elasticity. It will save it in the 
systems file “RocketPlane_Gafd.Qdr” under the same title "Rocket Plane at Mach=0.85, Q=150, Aero-Elastic Model 
with GAFD".  

The flex vehicle system must also be converted to a Matlab function m-file using the “Export to Matlab” utility, as 
demonstrated in Section 1. The system filename is “vehi_gafd_30flx.m”. Repeat the exporting to Matlab conversions 
also for the actuator systems and for the mixing logic matrix “K4axmix.mat”. 

 



  



  

3.3 Batch Processing 

However, there is a much faster way of processing the data and creating the systems required in this analysis. The 
input file “RocketPlane_Gafd.Inp” includes a batch set on the top "Batch for the Flexible Rocket Plane with GAFD". 
This batch will process the datasets faster and create the systems required for the analysis. 

 

  



3.4 Input File “RocketPlane_Gafd.Inp” 

 

 

The Batch set on the top is used for fast processing the datasets. The 3 actuator datasets are the same as those 
used in Section 2. The interactively processed vehicle version is identical to the batch version, but it’s missing 
the GAFD numbers at the bottom.  



 

The bottom of the vehicle dataset includes the title of the selected modal dataset with 30 modes, the numbers 
of the mode frequencies in the GAFD file that correspond to the 30 selected modes, and the numbers of the 
aerosurfaces in the GAFD file that correspond to the 5 aerosurfaces which are defined in the vehicle data. They 
are converted to files that can be loaded into Matlab. 



 

3.5 Closed-Loop Simulation Model of the Flexible Vehicle with Aero-Elasticity 

The simulation model used in the aero-elastic analysis is “Closed-Loop-Gafd.mdl” and it is located used in directory 
“Examples\18-Rocket Plane\3-Flex Model With Gafd”. It is shown in Figure 3.1 and is almost identical to the 
simulation model used in Section 2. It consists of the same four control loops. The vehicle system, however, contains 
the flexible vehicle system with GAFD, title: " Rocket Plane at Mach=0.85, Q=150, Aero-Elastic Model with GAFD " 
which is loaded into Matlab from file “vehi_gafd_30flx.m”. 

The green vehicle block is very similar to the one described in Section 2. It comprises of the flexible vehicle, the (6x4) 
mixing logic matrix “K4axmix.mat” that transforms the roll, pitch, yaw, and axial acceleration demands into control 
surface and throttle commands, and the actuators of the 3 aerosurfaces. The LQR state-feedback gain matrices Kq 
and Kpr are the same as before and most of the notch filters. A notch at 62.7 (rad/sec) was included because the 
mode at that frequency is a lot stronger with the aero-elastic coupling coefficients than it was in Section 2.  

The initialization m-file “init.m” loads the flex vehicle, actuators, mixing logic, and the control system into Matlab. It 
loads also the alpha & beta estimator parameters, because the estimated alpha and beta replace the real alpha and 
beta angles required by the LQR controller. A similar 6-dof simulation is performed using the flexible vehicle system 
with the GAFD data. Figures 3.2 to 3.4 show the simulation results to the commanded changes in speed, altitude, 
heading direction and to the wind-gust excitation. A short duration, intentionally strong, wind-gust is applied at 8 
(sec) to excite the structure. The altitude is commanded to increase 500 (feet), the heading direction to change 5°, 
and the ground speed to increase 8 (ft/sec). The Matlab script file “pl.m” is used to plot the simulation data. The 
angle of attack and the engine thrust initially increase in order for the vehicle to gain altitude. The flight-path angle γ 
starts from level flight, it increases as it gains altitude and eventually stabilizes back to zero (level flight). The gust 
creates a momentary disturbance to the system at 8 sec but then it calms down as the vehicle responds. 

 



 

Figure 3.1 Closed-Loop Simulation Model with Aeroelastic Coefficients "Closed_Loop_Gafd.Mdl" 

 



 

Figure 3.2 A Change in Heading Direction of 5° is attained by Rolling. The Speed achieves the 8 (ft/sec) commanded increase by 
momentarily throttling up the engine. The Altitude approaches the commanded 500 (feet) Altitude increase. The Cross-Range 
Velocity is perpendicular and relative to the original heading direction. 



 

Figure 3.3 The Vehicle initially rolls towards the right to change direction and it returns back to zero roll angle. It initially 
experiences negative acceleration because it is gaining altitude. The Gust produces Normal and Lateral Accelerations (Az & 
Ay). It has a bigger effect on Az because of the Wings and V-Tail. Flexibility is noticeable in the accelerations. 



 

Figure 3.4 The Engine Throttles Up to increase Altitude and Speed and then it drops down to Just above nominal. The flaps 
deflect differentially to begin the Roll Maneuver and they deflect again to counteract the Gust. Both Hinge Moments are 
Positive when Initiating the Roll Maneuver because the Hinge Directions are Defined Opposite. The Right Rudder experiences 
bigger Hinge Moment because the Wind-Gust is Head-On towards it. Flexibility is noticeable in the Hinge Moments and 
Aerosurface Acceleration. In general, the GAFD model predicts more hinge moment than the previous flex model. 



3.6 Open-Loop Stability Analysis 

The Simulink model “Open_Loop_Gafd.slx” in Figure 3.5 is used for frequency response stability analysis of the open-
loop system. It is configured as a single-input-single-output system for classical control analysis similar to the open-
loop model used in Section 2. Only one loop is opened at a time while the other 4 loops are closed. It comprises of 
the same elements as the closed-loop model with aero-elasticity described in Section 3.5. The Matlab file “frequ.m” 
calculates the frequency response of the open-loop system and plots the Bode and Nichols charts which are used to 
analyze the system’s characteristics. In Figure 3.5 it is configured for analyzing the stability of the heading loop where 
the heading control loop is opened at the φcmd. The results indicate that more flex activity was present in comparison 
with the model of Section-2 and additional flex filters were included to attenuate the flex modes. The system still has 
acceptable phase and gain margins in all four loops with a control system bandwidth of approximately 3.5 (rad/sec).  

 

Figure 3.5 Simulink Model "Open_Loop_Gafd.slx" Configured for Frequency Response Analysis of the Heading Control Loop  



 

Figure 3.6 Bode and Nichols Plots Showing Stability Margins of the Heading Control Loop 



 

Figure 3.7 Pitch Axis Bode and Nichols Plots Showing Stability Margins 



 

Figure 3.8 Roll Axis Bode and Nichols Plots Showing Stability Margins 



 

Figure 3.9 Yaw Axis Bode and Nichols Plots Showing Stability Margins 

  



4.0 Actuators Analysis 

In this Section we will examine the three aerosurface actuators alone, separate from the vehicle. The EM-Actuator 
model is shown in Figure 4.1. It uses a spinning motor that is controlled by dc voltage via a current amplifier and it 
provides the power to drive the load. The motor torque is transferred from the rotor to a spiral screw that is rotating 
via a gear mechanism, a small gear driving a bigger gear, and it produces a higher torque. The rotation of the screw 
converts the rotational motion to translational that extends or retracts the shaft. The end of the shaft is connected to 
the aerosurface via a linkage mechanism and it is pushing against the load that rotates about a hinge in order to 
control the vehicle. The other side of the actuator is attached to a stiff point on the vehicle structure. The EMA 
system uses two gear ratios. The first gear ratio Ngear represents the number of motor spins for one rotation of the 
screw gear and the second gear ratio Nscrew is the number of screw rotations per unit length extension of the shaft. 
The detailed description of the Electro-Mechanical type-B model is given in the Actuators Section 4.3.5.  

 

Figure 4.1 Electro-Mechanical Actuator 

We will analyze stability and step responses of each actuator system attached to the load, including the local 
mechanical stiffness at the hinge which is a combination of backup stiffness, load and shaft stiffnesses. We will use 
linear models to analyze open loop stability and to calculate the closed-loop frequency responses (δ/δcomd). We will 
also use non-linear models to calculate the step responses to deflection commands and plot the actuator internal 
variables. The actuator analysis files of this example are in directory “Examples\18-Rocket Plane\4-EM-Actuators”. It 
includes separate and similar subdirectories for each aerosurface actuator. 

  



4.1 Non-Linear Simulation Model 

The simulation model is shown in Figure 4.2 and it consists of four subsystem blocks shown in detail in Figures 4.3 
and 4.4. The total stiffness Kt consists of 3 stiffnesses (backup, load, and shaft) which are combined in series, and it 
produces the force FL that pushes against the load and rotates the aerosurface. 

 

Figure 4.2 Closed-Loop Simulation Model “Flap_EMAB.slx” 

 

Figure 4.3 PID Control System Block 

  



 

Figure 4.4 Motor, Shaft and Aerosurface Load Dynamics 



Non-Linear Simulation of the Flap Actuator  

 

Figure 4.5 Flap Deflection to 10 (deg) Command, Shaft Extension (feet), the Screw Torque is Limited  

  



 

Figure 4.6 Motor Voltage, Speed, Flap Rate and Force Against the Shaft 
  



Rudder Non-Linear Simulation  

 

Figure 4.7 Rudder Deflection, Shaft Extension (feet) and Screw Torque, in Response to 25° Command 

  



 

Figure 4.8 Motor Voltage, Speed (rpm), Flap Rate and Force Against the Shaft 
  



4.2 Closed-Loop Frequency Responses 

The frequency response (δ/δcom) is calculated using the linear closed loop model in Figure 4.9. It includes the same 
blocks as the simulation model but without the non-linearities. 

 

Figure 4.9 Closed-Loop Model “Flap_EMAB_Anal.slx” that Calculates the Flap Actuator Frequency Response 

 

Figure 4.10 Flap Actuator Closed-Loop Frequency Response 

  



 

Figure 4.11 Rudder and Body-Flap Actuators Closed-Loop Frequency Responses  



4.3 Stability Analysis 

The open-loop model for analyzing stability is shown in Figure 4.12. It includes the same blocks as the closed-loop 
model and it has the loop opened at controller output voltage. Figures 4.13 and 4.14 show the Nichols plot with the 
Phase and Gain Margins. 

 

Figure 4.12 Open-Loop Model “Flap_EMAB_OpenLp.slx” Used for the Flap Actuator Stability Analysis 

 

Figure 4.13 Flap Actuator Open-Loop Stability 

  



 

Figure 4.14 Rudder and Body-Flap Actuators Open-Loop Stability 


