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ABSTRACT

This thesis explores the fidelity of the ground based simulator used at USNTPS
during the Advanced Flight Controls Design exercise. A Simulink model is developed as
a test platform and used to compare the longitudinal flight characteristics of the
simulator. The model is also compared to the same characteristics of a Learjet in the
approach configuration. The Simulink model is modified with the aim of yielding a
better training aid for the students as well as providing a means of comparison between
the simulator flight data and the actual Learjet flight data. Open loop and closed loop
trials are completed to gather data for analysis and improvement of the Simulink model.
Regression analysis is also performed on the flight data as a means of comparing the

longitudinal stability coefficients.
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l. INTRODUCTION

During their course of study, students at the United States Naval Test Pilot School
(USNTPS) complete an Advanced Flight Controls Design (AFCD) exercise as a practical
application of previously studied stability and control fundamentals. The design portion
of this exercise utilizes a Fortran-based flight simulator that is programmed to be
representative of a present day fighter aircraft. To improve the maneuvering capability of
modern fighters, most are designed to be statically unstable. The baseline simulator
model reflects this and is designed to be unstable in the longitudinal axis. The AFCD
exercise requirement is to stabilize the model through the use of pitch rate feedback and
angle of attack feedback. Students are challenged to balance adequate stability and
sufficient maneuverability to provide acceptable flying qualities. The initial qualitative
measure of success is completion of a simulated approach and landing with a tolerable

pilot workload.

Once a satisfactory design is achieved, the feedback parameters of the modified
simulator model are input into a Learjet with a Variable Stability Simulator (VSS). The
VSS modifies the apparent flying qualities of the baseline Learjet to be representative of
the student's modified aircraft model. This allows the student to validate his model under
actual flight conditions and to further refine the feedback loops. The student then flies
the aircraft in the modified configuration and collects data while completing a series of

standard longitudinal stability evaluation maneuvers.

This thesis explored the use of the simulator as a training tool for this exercise and
it's validity as an accurate model of the VSS Learjet. The goal was to provide the most

effective training tool for use by USNTPS students during the AFCD exercise.
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Il.  SPECIFICATION COMPLIANCE

A. MILITARY REQUIREMENTS

The development and procurement of military aircraft references a set of
specifications to determine suitability of the design to accomplish the intended mission.
These standards are not completely definitive in that a failure to meet a specification does
not necessarily make the aircraft unsuitable, but they are the guidelines used by the

military.

The specifications are set down in the MIL-STD-1797A Military Standard Flying
Qualities of Piloted Vehicles. Per the scope of the document, "It is intended to assure
flying qualities for adequate mission performance and flight safety regardless of the
design implementation or flight control system augmentation."[Ref. 1]  Each
specification depends greatly on the context of the test. The MIL-STD-1797A document
categorizes aircraft specification compliance based on three basic designations described

as follows.

1. Classification

The first designation is the classification of aircraft. All aircraft are given a
classification of 1-4, usually denoted in roman numerals. An aircraft's classification is
determined by its type as well as its intended mission. Specifications have different
ranges of acceptable values based on classification. For example, short-term pitch
response to longitudinal inputs for a fighter can be very different from the response for a
transport aircraft. The specifications have different tolerances to account for the different
aircraft types. The AFCD aircraft examined in this thesis was a fighter and was

considered to be class IV for military specification purposes.

2. Flight Phase Category

Aircraft handling qualities are based on the workload required within the context

of a given task. This context, called the flight phase category, is the second specification
3



compliance designation used in the MIL-STD-1797A and is denoted with an A, B or C.
As another example, the minimum short period frequency while flying straight and level
is less than that required during landing evolutions. Each flight phase category has
different specification limits to reflect the different relative workloads and tolerances
required during different tasks or portions of the mission. The AFCD aircraft examined
in this thesis was evaluated in the context of conducting approaches and landings. This

put the aircraft in flight phase category C, also called the Terminal Flight Phase.

3. Levels and Qualitative Suitability of Flying Qualities

The last specification compliance designation is a level rating of 1-3. The three
levels denote qualitative flying qualities of a given aircraft and are labeled as
Satisfactory, Acceptable, and Controllable. The level system is based on the Cooper-
Harper handling qualities ratings [Ref. 2], an aviation industry standard used by USNTPS
and in flight test. This parameter provides the context of how stringent the specifications
need to be for a given flight task. In general, the specification tolerances for level 2 are
less exacting than for level 1 and the limits for level 3 are even more relaxed. In most
cases specifications are based on level 1, but levels 2 and 3 are often used for failure
modes of different components of the aircraft. The AFCD aircraft examined in this thesis

was evaluated using level 1 criteria.

B. CONTROL ANTICIPATION PARAMETER

The AFCD exercise uses the control anticipation parameter (CAP) as the primary
reference for short-term pitch response. Since CAP is the specification used in the MIL-
STD-1797A to measure the suitability of short period dynamics, this parameter was
chosen as the metric for students to evaluate their designs against. CAP is defined as

follows [Ref. 1]:

a)szp
CAP = - (1)

where



short period frequency (radians)

S
Il

p

n, = normal acceleration load factor

a = angle of attack (radians)

The n, and a values should be represented as An, and Aa but the delta symbols are
generally dropped for convenience. The MIL-STD-1797A has defined CAP as shown
above which will be the definition used here. Control anticipation parameter
qualitatively is a measure of the predictability of the aircraft response to control inputs.
Quantitatively, CAP is approximately equal to the ratio of initial pitching acceleration to

steady-state normal acceleration [Ref. 3].

The value of n,/o. was not available but was derived as follows for a desired

straight and level unaccelerated flight path.

Given the equilibrium flight condition [Ref. 4]:

L=nW @)
LpVIS[C, +C, -al=nW G)
V?S[C, +C, -
n, =2 P T @)
2W

where
L 0 aerodynamic lift
W O aircraft gross weight
00 air density
V [ aircraft velocity
S [ wing area

CLo 0 lift coefficient at zero angle of attack
Cy, D lift curve slope

taking the partial derivative with respect to 0:

5



on, pVZSCLa
da  2W

()

Using standard sea level and a flight condition of 11,500 Ib cruising at 125 KTAS,
computation yielded an n,/a value of 4.67. This also assumed a lift curve slope of 4.376,
a published value obtained from Veridian [Ref. 5], the company that contracts out the

usage of the Learjet to the school.

C. SHORT PERIOD DAMPING RATIO

The short period damping ratio ({,) is commonly defined as the ratio of actual
damping to the value that would make the system critically damped. CAP, along with the
damping ratio are the two parameters that define the short period dynamic requirements

found in MIL-STD-1797A.

D. AFCD SPECIFICATION COMPLIANCE

The specifications for the AFCD exercise are listed in Table 1 [Ref. 6].

Minimum | Maximum | Units
CAP 0.16 3.6 1
g -sec’
Osp 0.87 - rad/sec
Cop 0.35 1.3 ---

Table 1.  Class IV, Category C, Level 1 Short Period Dynamic Requirements

To ensure compliance with these specifications, the students have two parameters
that they may control in the design; pitch rate feedback gain (K,) and angle of attack
feedback gain (K,). Figure 1 depicts an S-plane representation of the relationship
between the gain values and the specification limits. The lower arc is the s

6



specification limit of 0.87 while the upper arc is restricted by the maximum allowable
CAP value. Using the CAP limit of 3.6 and the previously calculated n,/a, yields an o
maximum of 4.1. The diagonal line shows the minimum damping ratio boundary while
the maximum damping ratio boundary was omitted since the area of interest lies only

above the real axis.

K, K S-Plane Map
o q

5 T T T T T
4 - -
.. K =40
o
Kq=[0:0.1 2] Ku=3_0
3 [ -
""" K =2.0
o
S z2f .
K =1.0
o
1k _
K =0.5
o
}
ok o ]
)
-1 ol ! ! ! !
-5 -4 -3 -2 -1 0 1

Figure 1.  S-Plane Graph of CAP Specification Limits [Ref. 7]
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1. FLIGHT SIMULATION

A. SIMULATOR HARDWARE

The USNTPS flight simulator is a generic cockpit design with primary flight
controls systems consisting of a stick and rudder and a dual control throttle quadrant.
Flaps, landing gear, and speed brakes are also fully controllable from the cockpit during
simulation. Three computer monitors give forward and partial side view representations
of the out-the-window-view (OTWV) environment from the cockpit of the simulated
aircraft. The center monitor is also capable of overlaying a heads-up-display (HUD) over
the OTWV display. An additional monitor provides the heads-down-display (HDD)
consisting of standard flight instruments commonly found in military aircraft (attitude
reference, airspeed, altimeter, g-meter, etc.) The monitors are controlled by Silicon
Graphics Incorporated (SGI) workstations that provide a 30 Hz refresh rate for the visual
cueing.[Ref. 8] Figures 2-4 depict the flight simulator cockpit, OTWV and HDD.

Figure 2.  Profile of Flight Simulator



Figure 3.  Cockpit View of Simulator

Figure 4.  OTWYV and HDD View of Simulator

10



Mechanical characteristics of the flight controls are set by an electric control
loader and are adjustable to simulate the control systems of a variety of aircraft. The
simulator was set up to emulate the appropriate control feel system of the AFCD aircraft.
Specifically, breakout, friction and force per displacement gradients were programmed

into the simulator for use in data collection.

B. SIMULATOR SOFTWARE

The aerodynamic model is a USNTPS designed, generic model that can be
configured to accommodate a variety of aircraft and flight envelopes. The programs are
coded primarily in FORTRAN, with some sections that have been modified using C and
C++ languages. The software incorporates a graphical user interface (GUI) that allows
the user to modify stability and control derivatives to change the flying qualities of the
simulated aircraft. The gain values pertinent to the AFCD exercise are also accessible

through the GUI.

The software uses the processing power of the SGI workstations to provide update
rates as fast as 100Hz. Data collection occurs at a constant 20Hz rate. The user has
control over initiating and terminating data collection via a switch found on the control
stick. Data collection consists of over 40 parameters including time, pitch rate (q), a,
stick and elevator displacement, and airspeed. The simulator software has a native data
reduction tool that can generate basic time and frequency domain plots for immediate
analysis. For more detailed analysis, the data can be downloaded and converted into a
file format that is recognized by MATLAB. This allows feeding the captured stick inputs
through a Simulink model to generate an output file for comparison to the simulator

results. [Ref. §]

The simulator captures and records data output in terms of the total value instead
of recording deviations from the initial condition. All simulator outputs were shifted to
reflect changes from the initial conditions. Since Simulink records deviations from the

trim condition, shifting the simulator data allows a direct comparison of the two outputs.

11
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IV. LEARJET DESCRIPTION

A GENERAL

The Learjet is a twin-engine low wing passenger transport plane. Pictures of the
aircraft exterior and instrument panel are shown in Figures 5 and 6. The basic aircraft
has been extensively modified to serve as a VSS platform. Most of the passenger seating
has been removed to accommodate additional equipment. The VSS input panels and
controllers have been placed in the cockpit for ease of manipulation during flight

evolutions.

Figure 5.  Learjet

13



Figure 6.  Left and Right Instrument Panels

B. COCKPIT

The cockpit layout features side-by-side seating for two pilots. The safety pilot
sits in the left seat and operates the standard Learjet yoke and rudder controls. The
student or evaluator sits in the right seat, shown in Figure 7, where the VSS controllers
(control stick and modified rudder pedals) have been installed. The VSS flight controls
are operated as a fly-by wire (FBW) system. This allows the use of a variable feel system
that is similar to, but more advanced than the control loader found in the ground based
flight simulator. The feel system can be used to modify the mechanical characteristics of

the stick and rudder to emulate those found in almost any fixed wing aircratft.

14



Figure 7. © VSS Controller Cockpit View

C. VARIABLE STABILITY SYSTEM

The VSS augments the evaluation pilot's stick and rudder control inputs to create
flight control surface deflections that change the aircraft response to simulate the model
programmed into the VSS computer. Electro hydraulic position servos attached to the
control surfaces operate independent of, but in parallel with, the normal Learjet flight
control system. The VSS servo inputs are not fed back to the controls, thus maintaining
the appearance of a true FBW system. Additionally, the feedback gains can be modified
to alter the aircraft response characteristics. Figure 8 shows the basic block diagram of

the VSS. [Ref. 5]

15



. Control
Pilot Feel _,| Control | Surface |—» Aircraft [
Input System Gains Servos
Feedback < Filters |e Sensors
Gains

Figure 8.  Variable Stability System Block Diagram

D. DATA RECORDING

An onboard computer controls data collection using a sample rate of 100Hz. The
safety pilot can control the start and terminate points for data collection. This allows the
quick recording of several small files instead of continuously recording the entire flight.
Files are downloaded from the aircraft to a desktop computer and, through the use of a

data converter, the information is saved as a MATLAB workspace. [Ref. 9]

16




V. SIMULINK MODELING

A. SIMULINK DISCUSSION

Simulink is a MATLAB-based software tool used for modeling and simulation of
systems. The program uses a GUI to allow the user to construct block diagrams of a
given system graphically instead of coding the system using a programming language.
Simulink was chosen as the primary tool to validate the fidelity of the USNTPS simulator

model of the VSS. This was done for several reasons.

The simulator is limited in that any changes other than alteration of the stability
and control derivatives or initial conditions is not possible without an in-depth knowledge
of FORTRAN and C programming languages. This makes filter and actuator modeling
impractical when working with the simulator. Additionally, time domain comparison of
simulator and aircraft data is impossible since neither platform is able to accept input files
generated by the other system. This prevents using one set of inputs to create two time
domain results for both simulator and aircraft. Lastly, the FORTRAN model is
obsolete—even the integrated simulator data tool converts the raw data and uses

MATLAB to analyze and plot the captured information.

For these reasons, Simulink was used to create a model that would be modern
enough to work with present day applications and also be able to determine the validity

of the current simulator aircraft model.

B. SIMULINK MODEL INITIAL DEVELOPMENT

During the AFCD exercise, students have access to a Simulink version of the
aircraft model for experimentation [Ref. 7]. This model is shown in Figure 9 and is the
basis for the model that was developed to examine the fidelity of the simulator. The
block diagram is supported by two MATLAB m-files that define the gain values and
develop the state space matrices of the aircraft model before the Simulink simulation can

be run.

17



Like the simulator, the Simulink model had not been compared against the aircraft
and was in need of validation. Since the flight simulator and the Learjet data couldn't be
adequately compared side by side, the Simulink model was necessary to act as a bridge
for data comparison. Without any flight data available during early stages of
development, the chosen procedure was to modify the Simulink model to provide an
accurate representation of the simulator. This would allow the Simulink model to act as a
surrogate and use it to directly compare a model against actual flight data. The first step
of this process was to eliminate any unnecessary components to remove possible sources
of error. As a result, the input side of the model was changed.

Erira O—H

Proposed Power Approach FCS Clack

—

Cmd
Gain

a0a

256
52422 Az 4256

x' = Ax+Bu
y=Cx+Du

feal system

Gaind  actuator 3 DOF &IC
Input (u) must first run
1de deg |ear_baseline.m
2dz deg to define A,B,C,D

0 3dx deg
Output (v are:

1q degizec
A0E 2 alpha deg
=+ 3V (true) feet/sec

4 gamma deq

Iof\.ivltzla_ss 5q_dot deg/sec/sec
G alpha_dot deg'sec

TV_dot feetisecisec
4 gamma dot degisec
9Hz g's
10 theta deg

Figure 9. AFCD Simulink Model.

The given model requires stick force (Fs) input to develop elevator deflection
commands that are fed through a state space airframe model to generate the output data
as shown. Since stick deflection (05) was readily available as an input source from either
the simulator or the Learjet, it was chosen as the new input. Utilizing & allowed the

removal of the feel system transfer function block.

The command gain for the Simulink model was checked for validity by executing

a longitudinal control sweep in the simulator. The control sweep was performed by

18



zeroing the feedback gains and recording data during a pitch doublet with full fore and aft
control stick deflection. Figure 10 shows a plot of the elevator deflection (6.) versus 0
gradient. ~The sign convention used presents aft stick and downward elevator

displacements as positive.

Elevator Range of Travel

Down

Elevator Deflection (deg)

Up

Figure 10.  Elevator Deflection vs. Stick Position Gradient

The results show that full stick deflection yielded only a + 2.5° elevator travel.
This result is not representative of an actual aircraft and was investigated for the
source of error. Elevator control power was in line with values associated with
fighter aircraft and qualitative evaluation of the simulator flying qualities showed the
command gains to be set higher than normal. The discrepancy was determined to be
the result of an actuator gain that is built in to the FORTRAN or C code and not
modifiable by the user through the GUI. As a result, the elevator travel was
mismatched to the actual flying qualities noted in the simulator. Since changing the
simulator code was beyond the scope of this investigation, the Simulink model was

modified to emulate the erroneous simulator data to provide empirical data that was at

19



least qualitatively correct. As a result, a command gain of 0.53 was incorporated into
the Simulink model based on the average control gradient shown in Figure 11.

Spikes in the figure are due to reversal of stick travel after reaching the control stop.

Gearing Ratio of Elevator to Longitudinal Stick Position

2F |

average=-0.53147

\

Gearing Ratio (deg/in.)

20 40 60 80 100 120 140

Figure 11.  Simulink Command Gain Determination
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VI. OPEN LOOP CHARACTERISTICS

A. BASELINE RESPONSE

A reference comparison was needed to examine how well or poorly the two
models were in agreement. To that end, a baseline study of the model outputs was

performed based on a steady-stick, zero input trace.

1. Simulator Data

The open loop response of a system is the output generated by an input with no
feedback control present. The open loop response of the simulator was evaluated by
eliminating the feedback paths. Setting K, and Kj to zero removed the feedback loops
from the model and forced the simulator to represent the baseline aircraft that was
statically unstable in the longitudinal axis. The stability and control derivatives were not
modified from the values that are currently used when teaching the AFCD exercise.

Table 2 shows the pertinent test conditions [Ref. 10].

Parameter | Value | Units
Y 11500 Ibs

\Y 125 | KTAS
h 800 ft
Cry, 0.257 ---
Cmq 1.0 ---
Crng, -0.7218 | ---
Cin, 0 -

Table 2.  Initial Conditions and Stability Derivatives for Open Loop Test
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where

Cu, [ angle of attack stability coefficient

Cmq 0 pitch damping coefficient
Cin,, [ elevator control power coefficient
CH10 0 moment coefficient at zero angle of attack

Data collection was initiated with the aircraft trimmed for level flight at 125
KIAS in the landing configuration with flaps at the approach setting. Due to slight
inaccuracies in the trim subroutine, the simulator was not in a true equilibrium condition.
The unbalanced condition and the model instability rapidly caused the aircraft to diverge
in the pitch axis. This data was collected as a baseline reference for the simulator model.
The only modification made was to shift the output parameters to remove the steady state

values.

2. Simulink Data

The Simulink model was also setup for the open loop response by setting the
feedback gains to zero. Supporting MATLAB code was modified to set the stability and
control derivatives and initial conditions equal to the values that were used in the
simulator. The forward loop gain block (Kgwg) was assigned a value of one since there
was no corresponding component in the simulator reachable through the GUI. Once all
of the parameters were established, the recorded longitudinal stick inputs from the
simulator were then input to the Simulink model to generate outputs for comparison. The

updated Simulink model is shown in Figure 12.
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Baseline Simulink Model

LN ®'= Aw+Bu
1+ y= Cxt+Du

L -
Gain?  aghuator 3 OOF AT
Input [u] st first run
1de deg Lear_baseline.m
2dz deg todefine A,B,C,0

2 dx deg
Output [y] are:

19 degfzec
l 2 alpha deg
1+ 10 3V [true] feetizec

4 gamma deg

lovspan Jq_dot  degfsecisec

Mlitar G alpha_dot  degfsec

T dot  festizecizec

2 gamma dot degfzec
a4 N g's
10 theta deq

Figure 12. Revised Open Loop Model

The data was then examined and truncated after the pitch divergence caused
airspeed to deviate more than 5 kts from the initial value. Data beyond this point was
considered unsuitable for evaluation due to possible errors. The Simulink model was
linear and calculated derivatives only once based on initial conditions instead of the
nonlinear model used in the simulator that constantly updated the coefficients during
runtime. Since many of the derivatives used velocity squared in their calculation, a 5 kt
boundary around the Learjet approach speeds limited this error to a maximum of

approximately 8 percent.

3. Data Comparison

A time domain plot of a versus time was generated to compare the outputs from
the simulator and Simulink models. Initial examination showed a similar trend between
the two plots, but the Simulink model response appeared to be at a much lower gain.
Increasing the Kgyg by a factor of 10 brought the time domain response of the Simulink
model into close agreement with the simulator results. A plot of this is shown in

Figure 13.
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Baseline Comparison of Models Using Simulator Coefficients for K, =10

7 I I
—— Simulator |1
—  Simulink | |
|
|
1

Time (sec)

Figure 13. Open Loop [ Response Comparison

To verify the similarity of response independent of gain, a plot of the semi-log of
Ao versus time was constructed with constant time steps (At = constant). A semi-log plot

was constructed such that:

slope = In(aa)

(6)

Assuming a 1% order solution based on the nature of the time domain plot, the

substitution I = ", is used to show:

slope - At = In(e™> —e™) (7)
= In[e"=™] (8)

= At, —t,) 9)
slope - At = AAt (10)
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Therefore, the slope must be equal to A, the real root of the equation of the line

[Ref. 11]. Figure 14 shows plots of both models with equal slopes. Since the slopes are

equal, the real roots for each system are in good agreement. This validates the Simulink

model against the simulator for the unstable open loop case.

=+ Hi

L

A AOA (deg)

dHH - —+ -

o - -

Time (sec)

Figure 14.

Semi-log Plot for Slope and Real Root Comparison

Again, increasing the Kqyg gain by a factor of 10 shifts the Simulink plot up and

results in an overlay of the simulator plot.

A qualitative assessment of the simulator

command gain was attempted, but the high degree of instability in the open loop model

prevented determination of a high confidence result.
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B. IMPULSE RESPONSE

With the baseline response completed, the impulse response was chosen as the

next test to provide a more defined, user-driven response.

1. Simulator Data

Due to the somewhat unpredictable level flight trim settings generated by the
simulator, another series of tests was needed to verify the open loop response. The
extremely small trim variability was subject to noise, numerical round-off errors and
other small factors that affected the baseline results. An impulse was chosen to provide a
definite input that would be less sensitive to those errors. An aft stick rap was executed
to create a small, short duration aft stick deflection. The magnitude of the stick

deflection peaked at approximately 0.2 inches.

2. Simulink Data

The impulse data was fed through the Simulink model to generate the output file.
The magnitude of the input was kept small to capture a suitable number of data points
before the airspeed deviated below the 5 kt boundary. Even small impulses on this
unstable open loop model caused rapid pitch up. After several practice runs and careful
implementation of the stick rap, the desired input level was achieved. This input was
small enough to yield a little over three seconds of usable data, but large enough to render

previously discussed sources of error inconsequential.

3. Data Comparison

The same approach used in the baseline analysis was taken to examine the data
from the impulse response. The time domain plots had similar shape but again showed
an apparent Kgyq gain mismatch. This time the gain required for an overlay of the time
domain was 33. The actual gain should have been somewhat lower to account for the
known error caused by the airspeed reduction as a result of the pitch up from the impulse.

With that in mind, a gain of approximately 25-30 is more appropriate. The required gain
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for this trial was 3 times the value observed during the baseline experiment. Since this
trial used a deliberate user created input, command gain was more of a factor and there
was higher confidence in the larger value. Figure 15 shows the time domain comparison

using a mid-value gain of 27.

9 i I
—— Fortran I

—  Simulink |
1

AOA (deg)

Time (sec)
Figure 15.  Open Loop a Response to an Aft Stick Impulse
Assuming other errors to be small and the airspeed deviation to be the driving
difference between models, a Ksy¢=27 gain shows a likely error divergence that reaches

approximately 8 percent at the termination of the trial. The error progression is shown in

Figure 16.
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% error

Time (sec)

Figure 16.  Simulink Model a Error for an Aft Stick Impulse

A plot of the semi-log of Aa versus time was constructed for the impulse response
to verify that the shape of the response was independent of gain. Similar to the baseline
trial, the overall shape and slope of the plot were unaffected by changes in gain. This
result again showed that the models had similar real roots and, for the limited open loop
unstable case, the Simulink model was a fair representation of the simulator. Figure 17

shows the semi-log plots of both models.
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A AOA (deg)

Time (sec)

Figure 17.  Semi-log Plot for Slope and Real Root Comparison

C. ADDITIONAL ANALYSIS

The baseline and impulse response trials were also completed using the given

coefficients from the initial Simulink model [Ref. 7]. Table 3 shows these values

compared with the preset simulator values used in the previous trials.
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Simulink | Simulator

Cn, 0.26 0.257

Cn -11.49 1

Ciy, | -0.9624 | -0.7218

Cn -0.004 0

Table 3.  Longitudinal Stability Derivative Comparison

This analysis was performed for completeness and to examine the difference in response
while using the given Simulink data. Overall, the shape of the plots was similar for each
case. Gain matching yielded differences in some cases, but no large discrepancies were

noted. Despite even the large change in Cmq, the individual comparisons were roughly

the same.

Since the overall goal of these trials was to develop a Simulink model to bridge
the gap between simulator and aircraft, the results from use of the simulator coefficients
were examined for validation purposes. The results from the trials using Simulink
coefficients were used as the first stage of creating a suitable model for use with aircraft
data. The Simulink coefficients were used in all subsequent tests because the block
diagram could be modified at the actuator and filter levels, whereas the simulator lacked

this flexibility.

D. LEARJET DATA

When the Learjet was available for test flights, an attempt was made to collect
open loop impulse response data for comparison with the simulator and Simulink models.
Unfortunately, the unstable Learjet model was too divergent to establish a valid initial
condition while flying and attempts to generate an impulse response resulted in
engagement of the internal safety overrides. The safety system disengaged the FBW

controls at the evaluator station and the aircraft defaulted to a standard Learjet as the
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safety pilot took control. As a result, no usable data was collected for evaluation of open

loop characteristics against the simulator or Simulink models.
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VIl. CLOSED LOOP TIME DOMAIN MODEL COMPARISON

When the Learjet became available for flight, the focus shifted from open loop to
closed loop comparison. The open loop study showed a rough confirmation that the basic
simulator and Simulink models were in agreement, but the AFCD exercise dealt with
stabilizing the basic aircraft using q and a feedback. Therefore a closed loop study was
initiated to improve the fidelity of the Simulink model. With recorded flight data now
accessible to provide valid reference parameters, evaluation and adjustment of the block

diagram was possible.

A. FLIGHT TEST CONDITIONS AND TECHNIQUES

Several flights were completed by different student test pilots in order to capture
project data. The goal was to capture data at low altitude, low speed, and in the approach
configuration to simulate conditions encountered during an actual approach to landing. A
broad range of feedback and command gains were used to provide validation of the
model throughout a large range of acceptable CAP specification limits. Due to airspace
constraints, most data was collected at a pressure altitude of 5,500ft. Some flights
deviated from this profile due to weather or to avoid other aircraft that were already using
that altitude for priority testing. The desired approach airspeed was 125 KIAS, but due
to relatively high gross weight of the aircraft during data collection, most testing was
initiated at 130-135 KIAS. These altitude and airspeed deviations were accounted for in
the setup of the MATLAB code that fed parameters into the Simulink Block Diagram and

were not a significant source of error.

The techniques used for data collection were longitudinal stick doublets and
frequency sweeps. All tests were initiated from a stable trimmed condition. The doublets
were performed by smoothly moving the control stick forward of the center position, then
the same distance aft of the center, and positively returning the stick to the starting
position. Frequency sweeps were performed as a series of doublets beginning at a slow
rate of stick travel and gradually increasing the speed of stick oscillation until the Learjet

safety cutoffs engaged [Ref. 12].
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B. LEARJET RESPONSE MODELING

The Learjet VSS employed a method of feedback response modeling to alter the
apparent flying qualities of the aircraft. This process was achieved in a series of nested
feedback loops [Ref. 13]. The baseline Learjet had feedback loops that simulated the
statically unstable fighter. The fighter model then employed another set of feedback
loops to stabilize the AFCD model according to the student's gain parameters. This setup

is diagrammed in Figure 18.

I AFCD Fighter |
| |
| Learjet |
Input earje Output
! |
| |
I Internal
Feedback |
l - s s s s sl

qand a
Feedback

Stabilized Aircraft

Figure 18. Learjet Response Modeling Block Diagram

C. BLOCK DIAGRAM MODIFICATION

Research into the background of the block diagram provided for student use
raised some questions about certain components. As part of the USNTPS course of

instruction, the Learjet safety pilots gave a series of lectures on topics surrounding flight
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control design. In their presentations [Ref. 6], the Learjet system used a second order
actuator, omitted the a-feedback filter, and removed the forward loop gain in favor of a
command gain. The Simulink model was altered to reflect these changes, based on the
assumption that the Learjet lecture information was more correct and more up-to-date
than the AFCD model that was used for the initial open loop study. Figure 19 shows the

model after the changes.
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Proposed Power Approach FCS

simout

To Watspace

g &
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2 DOF AC
Input [u] must first run

1de deg
2dz deg
Fdx deg

Lear_baszeline.m
ta define A,B,C,0

19

Output [v] are:
degfzec

2 alpha deg
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4 garmrna ey
Gq_dot  degizecizec
Ealpha_dot  degfzec
7 dot  feetisecisec
& gamma dot degfzec

9 Nz

gs

10 theta deg

Figure 19. Updated Closed Loop Simulink Model

D. ANGLE OF ATTACK RESULTS

The Learjet longitudinal stick inputs were fed to the Simulink model that
generated a time domain output file. The AOA trace was plotted against the Learjet-

recorded AOA for evaluation of the model. Figure 20 shows the initial comparison.
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Comparison of AOA traces for a Doublet Input

[
—— Learjet
—  Simulink

AOA (deg)

Time (sec)

Figure 20. AOA Traces of Simulink and the Learjet

The trace shapes were in good agreement, but there was an apparent time lag that
was fairly consistent between the two outputs. Initially, it was thought that the delay was
due to a modeling error in that the actuator was incorrect or a filter was missing.
However, the Learjet output trace lagged the Simulink data by approximately 120
milliseconds (ms). This delay was too large to be the result of a missing component in
the context of a flight control system. To create such a delay, a 6 radian per second
actuator (roughly 1 Hz) would be needed. This possibility was immediately discounted
because flight control inputs are commonly made at frequencies of 2-3 Hz and 10 Hz
inputs are not uncommon. No plausible solution was found for the delay until the VSS
engineers were contacted. They verified that the error was a known problem and stated
that it was due to a delay in the Learjet data recording system [Ref. 14]. With that
knowledge, MATLAB was used to shift the Simulink output data 120 ms forward in time
to match the Learjet data and account for the recording lag.
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The new plots lined up nicely but a discrepancy between the magnitudes of the
traces was now more evident. A basic trial-and-error modification of the elevator control
power coefficient was used to yield a better agreement. The old value of —0.96 was
decreased to provide the best plot overlays at a range of values between —1.2 to —1.1. The

result of the corrected time lag and Cr,, modification is shown in Figure 21.

Comparison of AOA traces for a Doublet Input

—— Learjet
—  Simulink

AOA (deg)

Time (sec)

Figure 21.  Corrected Learjet and Simulink AOA Traces.

The other moment coefficients were evaluated for their effect on the shape of the
time domain Simulink trace. The coefficients Cmn, Cmq, and Cmo, were individually
varied approximately + 20% of the baseline AFCD values. After each trial, the AOA
trace was examined for convergence toward or divergence from the Learjet data. Within
the + 20% range, each of the coefficients was relatively insensitive to change. None of

the trials showed a visibly significant difference in the plots.
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E. ELEVATOR POSITION RESULTS

To better evaluate the differences between the Simulink and Learjet AOA traces,
plots of elevator displacement were created for comparison. The same Learjet
longitudinal stick inputs were fed to the Simulink model to generate a time domain output
file of elevator position. With AOA traces in good agreement, the elevator displacements
were expected to be in similar agreement. However, Figure 22 shows that they are in

phase, but the magnitudes are dissimilar.

Comparison of Elevator Traces for a Doublet Input
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Figure 22.  Elevator Displacement Traces of Simulink and the Learjet

Investigation as to the cause of the discrepancy led to a closer inspection of the
available Learjet data files. In addition to recording the actual elevator deflection (de),
the VSS system also recorded the commanded elevator deflection (dec). An overlay plot

of the two showed a difference between them. To examine this difference, flight data
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from a control sweep was used to construct a bode plot. The dec data was used as the

input and de was used for as the output. The resulting plot is shown in Figure 23.

Bode Plot of Elevator Position/Commanded Elevator Position for a Doublet Input
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Figure 23.  Bode Plot of Elevator Deflection

The upper plot clearly shows an amplitude roll-off at 20 radians per second. This
is indicative of a first-order 20-radian actuator. It seemed more than coincidence that the
initial AFCD model used such an actuator. The AFCD model correctly employed a first-
order 20-radian actuator, but implemented it incorrectly in the block diagram. This new
actuator was evidently nested inside the feedback loop that destabilized the baseline
Learjet to create the unstable AFCD fighter. As a result, comparisons of elevator
deflection between the aircraft and the Simulink model are not useful since the model
lacks the state space parameters of the baseline Learjet. Insufficient data was available to
examine the internal nested loop that served to destabilize the baseline Learjet and model
the AFCD fighter. However, the 20-radian actuator was added to the Simulink model to

send more accurate elevator data into the state space parameter block for the baseline
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AFCD fighter. This was done to improve the fidelity of the block diagram for

comparisons of longitudinal flight parameters such as AOA and pitch.
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VIIl. EQUATIONS OF MOTION

A. ASSUMPTIONS

Several assumptions were made to simplify the equations of motion for use in this

study. They are listed as follows [Ref. 15]:

1. Small pitch and elevator deflections (<10°).

2. Rigid airframe with no aeroelastic effects.

3. Axis system origin co-located with the aircraft center of gravity.
4. Aircraft symmetry where I, = I, = 0.

5. Negligible change in mass distribution during the test runs.

These were valid assumptions based on the scope of the test runs. Control inputs
were small resulting in small pitch changes. Small inputs made at the relatively low
speeds (>150 kts) resulted in little stress on the airframe. The simulator and Simulink
models both assumed I, = I, = 0, so this assumption was considered valid. The Learjet
configuration was consistent during data collection. The duration of testing was short so

fuel burn was considered to have negligible effect on mass distribution.

B. DEVELOPMENT OF EQUATIONS

By using the stated assumptions, it was possible to start with the simplified

general equations of motion shown here [Ref. 16]:

L=PI,+QR(I, —1,)-RI,-PQl, 11)
M:élyy+PR(|xx_|zz)+(P2_Rz)lxz (12)
N =RI,+PQ(l,, —1,)-Pl,+QRI, (13)
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where
I = Moment of Inertia
L = Roll moment
M = Pitch moment
N = Yaw moment
P =Roll rate
Q = Pitch rate
R = Yaw rate

The simulator used in the student exercise was assumed to be linear.
Additionally, the simulator was based on uncoupled motion. This amounts to fixing
velocity components P and R at zero while studying longitudinal stability. As a result

only the pitching moment equation remained [Ref. 16]:

M =Ql, (14)

Equation (14) was then expanded as the sum of partial derivatives:

M+ Mpqr Mpg+ Mo Mys, =01, (15)
ou oq " oa oo,

u = Velocity component along the X-axis

q = Pitch rate

Changes in u and o were assumed to be small [Ref. 15], thus those two terms

were dropped from the equation. The remaining terms are shown here:

oM oM oM .
AQ + Ao + AS. =01 16
o q g [G Tt 55 Do Ql, (16)

e

Dividing both sides by the pitching moment of inertia, Iy, results yields:

4=M,-q+M, a+M, -5, (17)
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where

g = g-dot, pitch acceleration

M, = dimensional pitch damping coefficient
M, = dimensional pitch stability coefficient

M;s, = dimensional elevator control power coefficient
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IX. REGRESSION ANALYSIS

With the Simulink diagram modified to include the proper components and
provide fairly accurate time domain comparisons, a more in-depth examination of the
AFCD stability coefficients in the state space model was initiated. Since the model had
been extensively revised, most remaining discrepancies were assumed to be related to the
longitudinal moment coefficients. Since the analytical model was linear, a regression
study was performed as a means of parameter identification with the final goal being

validation of the moment coefficients.

A. REGRESSION THEORY

Linear regression is a simple method of examining how several components
contribute to a final result. In the case of this study, pitch acceleration (q-dot) was the
parameter of interest. Pitch acceleration was chosen because it is one of the values
solved for in the longitudinal equations of motion. The other two values of linear and
vertical acceleration were also important, but the VSS and the flight simulator did not
provide a means of varying the coefficients in those equations. Therefore, q-dot was
chosen as the primary parameter for investigation. The equation of interest developed

previously is shown again here:

q=M,-q+M, -a+M, -5, (18)

In a strict flight mechanics sense these coefficients are actually stability
derivatives, but here in the context of a regression analysis they were treated as

coefficients.

B. METHOD

MATLAB was used to perform a regression based on a q-dot vector and a matrix
of q, a, and J. vectors. Before attempting to analyze flight data with this method, a

purely analytical Simulink exercise was constructed to validate the regression technique
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[Ref. 17]. The Simulink model was used to generate the vectors based on the stick inputs
from a control sweep recorded in the Learjet. The regression was then executed in
MATLAB to develop the dimensional coefficients. These regression coefficients were
then compared to the coefficients calculated for use in the state space matrices in the
block diagram. The resulting sets of coefficients were identical to 4 decimal places of
accuracy. This was expected since the Simulink model was linear with no noise or
disturbances and the regression method was also linear in nature. No data was collected
in this process; it was simply used to check the validity of using the regression approach

for parameter identification.

Once the method was validated, regression analysis was used to evaluate flight
test data. Ten control sweeps were collected from different pilots to provide a broad
sample of data. Additionally, the command and feedback gain values were varied for

each sweep to examine a large portion of the CAP specification limit envelope.

C. RESULTS

Regressions were performed on all of the flight data files yielding values for the
dimensional coefficients and 95% confidence intervals around each data point. The data
was averaged for each dimensional coefficient to provide a baseline set of flight
coefficients from these mean values. The data set for each dimensional coefficient was
then plotted against the corresponding mean value. The 95% confidence interval was
plotted around the individual data points for reference as well as a one standard deviation
upper and lower bound around the mean. The resulting graphs for My, M,, and M;. are

shown in Figures 24, 25, and 26 respectively.
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Plot of Mq Variation with 95% Confidence Intervals
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Figure 24. Regression Results for M, Parameter Identification
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Plot of Ma Variation with 95% Confidence Intervals
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Figure 25. Regression Results for M, Parameter Identification
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Plot of Mse Variation with 95% Confidence Intervals
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Figure 26.  Regression Results for M5 Parameter Identification

The simulator and the Simulink models both utilized the coefficients in their non-
dimensional form so the first step toward meaningful comparison of the results shown in
the plots was to convert the dimensional results.

The pitch damping term was converted to non-dimensional form as follows [Ref.

16]:
oM c
20 c%———ch
M, = 9 _ "2V (19)
Iyy IYY

where

¢ =mean aerodynamic chord length
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The q in the right side of the equation is the dynamic pressure. To prevent
confusion with using q as pitch rate, the following substitution for dynamic pressure was

made [Ref. 4]:

1
q=-pV’ (20)
2
Substituting this into Equation (19) and solving for the non-dimensional pitch

damping coefficient yields:

21, M
_ yy q (21)

Cp = —2—=
' pvSc®

Similarly, the angle of attack stability and elevator control power coefficients

were solved for and yielded the following equations:

21 M
Cpn = —\;yzsf (22)
(3 p C
n =—2I\y,y “2 (23)
e p C

The following values for the Learjet at 5,500ft MSL and 135 KIAS were used to

compute the dimensionless coefficients [Ref. 18]:
1,,=22,000 slug-ft’

p=0.0020173 slugs/ft’

V=247.5 ft/sec

$=232 ft*

c=7 ft

Table 4 shows the results of the calculations and also lists the simulator and

Simulink model values for comparison.
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Flight Data
Simulink | Simulator )
Regression
Cin, 0.26 0.257 0.417
Cmq -11.49 1 -3.10
Cry, | -0.9624 | -0.7218 -1.25

Table 4. Dimensionless Coefficient Comparison

D. DISCUSSION

It is readily apparent that the flight data differs from both the Simulink and
Simulator model data. Figures 24-26 show favorable confidence level bands but large
standard deviations for the M, and Mj. data points. The M, data has larger confidence

level bands suggesting a degree of uncertainty in that data.

The large standard deviations in the coefficients resulted in a large range of
possible values for the coefficients. In the case of My, the range was £50% of the mean
value. This variability was too large to make meaningful comparisons of the flight

results and the simulator/Simulink models.

The standard deviation size may be partly due to the fact that different pilots were
used to collect the data and were not well versed in the data collection technique.
Additional errors are likely due to the real world nonlinearities being modeled by

linearized and simplified systems.

51



52



X.  CONCLUSIONS AND RECOMMENDATIONS

Based on the flight data collected it was not possible to validate the simulator
model against the Learjet VSS. Further flight testing is recommended to determine if this
comparison could work or if the Simulink model must be changed to a less simplified

form.

Further flight data collection is recommended with several collections being taken
by the same pilot on the same event. This would remove a possible source of data
inconsistency. Additionally, further use of Matlab or other means to conduct spectral

analysis of the data may provide insight into the fidelity of the model.

The Simulink model used as a learning aid for the TPS AFCD curriculum was
improved and is now a better match to the ground based simulator also used in that
exercise. Several blocks in the model were altered, with some removed and some added.

Additionally, the gains values were changed to improve the fidelity of the model.
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