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1 What have you just downloaded?Is this a video game? No, this a non-linear F-16 model that simulates the dynami
s of the realair
raft. This plant 
an simulate the response of an a
tual F-16 using one of two models as des
ribedby Stevens and Lewis [1℄ and the NASA Report [2℄. From this point forward the model des
ribedby Stevens and Lewis will be referred to as the low �delity model and the model des
ribed in theNASA report will be referred to as the high �delity model. The uses of these models are limitless.But these models will most probably be used by both novi
e and professionals for simulation and
ontroller design for the F-16 and related air
raft in an edu
ational setting.
2 Anatomy of the Non-linear F-16 Model2.1 Body axisThe body axes of F-16 model are 
onventional. The x-axis is positive out the nose of the air
raft.The y-axis is positive out the right wing as you sit in the 
o
kpit and fa
e out the front of theair
raft. The z-axis is positive normal to the x and y axis and points verti
ally downward whenthe air
raft is in level 
ight. The moment axes obey the right hand rule about ea
h axis. Momentsabout the x-, y- and z-axis are labeled M , L, and N , respe
tively. The body rates (p, q, and r) andEuler angles (�, �, and  ) are also measured positively using the right-hand rule about ea
h axis.Verify your understanding of the body axes des
ription by referring to Figure 1.

C

M, q

N, r

L, p

x, u

y, v

z, wFigure 1: F-16 Body axes, (x, y and z). L = rolling moment, M = pit
hing moment, N = yawingmoment, p = roll rate, q = pit
h rate, r = yaw rate.
2.2 PlantThe non-linear F16 model has been 
onstru
ted using Simulink. The fun
tional Simulnk model isshown in Figure 2 and the a
tual Simulink model is shown in Figure 3. As 
an be seen from Figure2, the non-linear plant of the F-16 requires the four 
ontrols, thirteen states, the leading edge 
apde
e
tion and a model 
ag as inputs. The plant will output the twelve state derivatives and six otherstates of 
ight. The 
ontrols and leading edge 
ap are dis
ussed in Se
tion 2.4. The input/outputstates and state derivatives are dis
ussed in Se
tion 2.3.
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Figure2:Thefun
tionallayoutoftheSimulinkmodeloftheF-16plant.
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Figure 3: A
tual layout of the Simulink Model of the F-16 plant.
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2.3 StatesThe non-linear F-16 plant requires thirteen state inputs. The thirteen states inputs are: northposition (npos), east position (epos), altitude (h), roll angle (�), pit
h angle (�), yaw angle ( ),total velo
ity (Vt), angle of atta
k (�), angle of side-slip (�), roll rate (p), pit
h rate (q), yawrate(r), and �nally the de
e
tion of the leading edge 
ap(Ælef ). The leading edge 
ap de
e
tion isonly implemented in the high �delity model. The leading edge 
ap is des
ribed in more detail inSe
tion 2.4.The output of the plant are the 12 state derivatives and normalized a

elerations in the x, y andz dire
tions (anx, any and anz , respe
tively), Ma
h number (M), free-stream dynami
 pressure ( �q)and stati
 pressure (Ps).The initial states of the F-16 
onstitute the initial 
onditions of the F-16. And the user 
aninput them arbitrarily but, more likely, the initial states will be supplied from a trimming routine.The trimming routine pa
kaged with these non-linear models trims to steady-state 
ight for a givenaltitude and velo
ity. The F-16 
an be initially trimmed in steady wings-level, turning, pull-up, orroll 
ight. After the plant has taken one dis
rete time step the twelve input states are found fromintegrating the twelve output state derivatives.The units for ea
h states are shown in Table 2.3.UNITSState Passed to nlplant. Used by nlplant Passed from nlplantnpos ft ft ftepos ft ft fth ft ft ft� rad rad rad� rad rad rad rad rad radVt ft/s ft/s ft/s� rad deg rad� rad deg radp rad/s rad/s rad/sq rad/s rad/s rad/sr rad/s rad/s rad/sanx N/A g gany N/A g ganz N/A g gM N/A { {�q N/A lb/ft2 lb/ft2Ps N/A lb/ft2 lb/ft2Table 2.3 The units of the states used in the F-16 model.2.4 ControlsThe F-16 model allows for 
ontrol over thrust, elevator, aileron and rudder. The thrust is measuredin pounds. Thrust a
ts positively along the positive body x-axis. Positive thrust 
auses an in
reasein a

eleration along the body x-axis. For the other 
ontrol surfa
es a positive de
e
tion gives ade
rease in the body rates. A positive aileron de
e
tion gives a de
rease in the roll rate, p, thisrequires that the right aileron de
e
t downward and the left aileron de
e
t upward. A positiveelevator de
e
tion results in a de
rease in pit
h rate, q, thus elevator is de
e
ted downward. And a5



positive de
e
tion of the rudder de
reases the yaw rate, r, and 
an be des
ribed as a de
e
tion toright. The positive orientations for ea
h 
ontrol surfa
e is shown in Figure 4. The maximum valuesand units for ea
h 
ontrol input is shown in Table 2.4.

Figure 4: The positive 
ontrol de
e
tions for the 
ontrol surfa
es.
UNITSControl Input Used by nlplant Min Max.Thrust lbs. lbs. 1000 19000 lbs.Elevator deg. deg. -25 25 deg.Aileron deg. deg. -21.5 21.5 deg.Rudder deg. deg. -30 30 deg.Leading Edge Flap deg deg 0 25 deg.Table 2.4 The 
ontrol input units and maximum values.The high �delity model has an additional 
ontrol surfa
e that allows for the F-16 to 
y at higherangles of atta
k. This 
ontrol surfa
e 
annot be dire
tly 
hanged by the pilot. Instead its de
e
tionis governed by the angle of atta
k, and the stati
 and dynami
 pressures for whi
h the F-16 is 
ying.The transfer fun
tion that governs the leading edge 
ap de
e
tion is:Ælef = 1:382s+ 7:25s+ 7:25 �� 9:05 �qPs + 1:45To see the e�e
t of the leading edge 
ap it helps to look at the linearized plant for the F-16 bothwith and without the leading edge 
ap. The following equation, for _v was taken from the linearizedhigh �delity model using the leading edge 
ap, at an altitude of 15,000 ft. and a velo
ity of 500 ft/s:_v = 0:0001h� 3:17� � 0:0133v + 4:837�� 0:4401� � 0:707qThe same equation for the linearized high �delity model, at the same 
ight 
ondition, but withoutthe leading edge 
ap gives:_v = 0:0001h� 3:17� � 0:0131v � 10:2070�� 0:1337� � 1:5837q6



This same equation taken from the linearized low �delity model, at the same 
ight 
ondition,gives: _v = 0:0001h� 3:17� � 0:0133v � 7:3259�� 1:1965qThe important thing to noti
e from these equations is that when the leading edge 
ap is used therate of 
hange of velo
ity a
tually in
reases with in
reasing angle of atta
k ( _v = : : :+4:837�+ : : :).Where as without the leading edge 
ap the velo
ity de
reases with in
reasing angle of atta
k ( _v =: : :�10:207�+ : : :). Whi
h is 
ommon in most 
onventional air
raft. This reaÆrms that the leadingedge 
ap is doing what is supposed to do. That is, allowing the F-16 to 
y a high angles of atta
k.2.5 A
tuatorsAll of the a
tuators were modeled as �rst-order lags with a gain (K) and limits on de
e
tion andrates. The thrust had a unity gain and a rate limit of �10; 000lbs=s. The elevator had a gainof 1/0.0495 and rate limits of �60deg=s. The aileron had a gain of 1/0.0495 and rate limits of�80deg=s. The rudder had a gain of 1/0.0495 and rate limits of �120deg=s. Finally, the leadingedge 
ap had a gain of 1/0.136 and a rate limit of �25deg=s. The de
e
tion limits 
an be found inSe
tion 2.4.2.6 Di�eren
es between the low �delity and high �delity model:Both models use the same navigation equations and equations of motion. The navigation equationsare taken from page 81 of Stevens and Lewis [1℄. The equations that determine the for
e and moment
oeÆ
ients are taken from pg. 37 - 40 of the NASA Report [2℄.The �le that 
ontains these equations is 
alled nlplant.
. The �le 
an be found in the Appendix.The �le is well 
ommented and 
an easily be understood by a novi
e C programmer. When lookingthrough nlplant.
 points of 
onfusion 
an 
ome on line 214. On this line, the di�eren
e betweenthe low and high �delity models be
ome apparent. Ea
h model uses di�erent tables to 
ompute thefor
e and moment 
oeÆ
ients. The aerodynami
 data used to �nd the for
e and moment 
oeÆ
ientsis tabulated as a fun
tion of angle of atta
k, side slip and in some 
ases elevator de
e
tion. Thefor
e and moment 
oeÆ
ients are then found by interpolating the entires for a given angle of atta
k,side-slip and elevator de
e
tion. The values in these tables 
ome from experimental data, performedin a NASA Langley wind tunnel.The low �delity aerodynami
 data tables 
ome from the appendix of Stevens and Lewis andthe high �delity aerodynami
 tables from Table III of the NASA report. The aerodynami
 ta-bles for the low and high �delity models 
an be found in the �les lofi_F16_AeroData.
 andhifi_F16_AeroData.
, respe
tively.The low �delity model represents a simpler model that does not in
lude the e�e
ts of the leadingedge 
ap. There is a 
omplete de
oupling between longitudinal and lateral dire
tions. The angle ofatta
k range for the low �delity model is -10 to 45 degrees and the angle of side-slip ranges from -30to 30 degrees.The high �delity model in
ludes the e�e
t of the leading edge 
ap and there is a noti
eable
oupling between the longitudinal and lateral dire
tions mu
h like in a real air
raft. The angle ofatta
k range for the high �delity model is -20 to 90 degrees and the angle of side-slip ranges from-30 to 30 degrees.
7



3 Installation Instru
tions:1. Unzip the �le F16Simulation.tar.gz. Using the 
ommand:>> tar xvfz F16Simulation.tar.gz
This will 
reate the dire
tory 
alled F16Sim and in it will 
ontain all the �les needed to performnon-linear F-16 simulations.2. Change in to the F16Sim dire
tory.3. Open Matlab.4. Mex the �le nlplant.
 using:>> mex nlplant.

This will produ
e the �le nlplant.mexglx for Linux distributions, nlplant.mexsg for sili
ongraphi
s ma
hines, et
. nlplant.
 is a s
ript �le written in C and must be mexed so that it
an be used in the Matlab environment. Che
k to be sure that these �les exists.5. Begin using the F-16 simulation. (See: Using the F-16 Non-Linear Model.)

4 Non-linear F-16 Simulation Files4.1 F-16 Simulation Files (by �lename):F16Blo
k.mdlThis �le is the Simulink model of the F-16. At the heart of this model is the fun
tion blo
k
ontaining the fun
tion nlplant.
. This fun
tion blo
k will exe
ute the �le 
reated by Matlab'smex fun
tion 
alled nlplant.* The resulting �le (nlplant.*) has a platform-dependent extension, asshown in the table below: sol2, SunOS 5.x .mexsolhpux .mexhpuxhp700 .mexhp7ibm rs .mexrs6sgi .mexsgalpha .mexaxpglnx86 .mexglxWindows .dllYou 
an run this model dire
tly from Simulink if all of the proper parameters are supplied oryou 
an use the 
ommand runF16Sim in Matlab. It is re
ommended that you use the latter methodbe
ause it will trim the F-16 at a given altitude and angle of atta
k, run the model and plot theresults.runF16Sim.m 8



To run, type runF16Sim at the Matlab 
ommand line.>> runF16SimThis �le 
ontains a program that will used F-16 plant in a non-linear simulation. The user
an input disturban
es on any of the 
ontrol surfa
es. The program runs the simulation using theSimulink model blo
k named F16Blo
k.mdl.What the program will do:When exe
uted the program will prompt the user whi
h model to run. It will then ask the userat what 
onditions (altitude and velo
ity) the F-16 should be trimmed. The user also has the optionto 
reate disturban
es on the any of the 
ontrol surfa
es. The simulation will be 
arried out and theresults will be plotted and saved to a text �le, of the form:ele_*ail_*rud_*[hifi or lofi℄model_alt*_vel*.txt.trim_F16.mThe fun
tion used to trim the F-16 at a given steady-state 
ight 
ondition with spe
i�ed initialaltitude and velo
ity. This fun
tion minimizes the 
ost fun
tion 
reated by trimfun.m by varyingthe free parameters from the initial 
ondition supplied by the user. The free parameters are thrust,elevator, rudder and aileron de
e
tions and angle of atta
k. The initial guess to the trim 
ight
ondition is 
riti
al to �nding an equilibrium point at the spe
i�ed altitude and velo
ity. All ofthe programs supplied with the download use the same initial guess. This initial guess is 5000 lbs.of thrust, an elevator setting of -0.09 degree, an angle of atta
k 8.49 degrees, rudder de
e
tion of-0.01 degree and aileron de
e
tion of 0.01 degree. These values o�er a good starting point and itallows trim_F16 to 
onverge to a trim point relatively qui
kly in most situations. In fa
t, all of thesituations tried by the author of this manual using these initial guesses, an equilibrium point wasfound. If you are trying to trim the F-16 at extreme 
ight 
onditions, these values may or may notneed to be 
hanged. Note: If the values for any of the initial 
onditions need to be 
hanged, they
an in runF16Sim.m or runLINF16sim.m.The steady-state 
ight 
onditions and de�nitions are:Steady Wings-Level Flight. �, _�, _�, _ � 0Steady Turning Flight _�, _� � 0 _ = turn rateSteady Pull-Up �, _�, _ � 0 _� = pull-up rateSteady Roll _�, _ � 0 _� = roll rateFor all 
ight 
onditions: _P , _Q, _R, _U , _V , _W (or _VT , _�, _� � 0)trimfun.mA fun
tion 
alled by trim_F16, that 
reates the 
ost fun
tion that is to be minimized by Matlab'sfun
tion fminsear
h. fminsear
h tries to �nd values for the free parameters given by trim_F16using an iterative te
hnique that perturbs ea
h free parameter until all of the state derivatives areminimized. The 
ost fun
tion is given in the following equation:
ost = 5_h2 +W� _�2 +W� _�2 +W _ 2 + 2 _vtot2 + 10 _�2 + 10 _�2 + 10 _p2 + 10 _q2 + 10 _r2 (1)where:W� = weight of � in 
ost fun
tion.W� = weight of � in 
ost fun
tion.W = weight of  in 
ost fun
tion.
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W�, W�, W will have values of 10 for steady level 
ight. But,W� = 0, when trimming for steady roll 
ight.W� = 0, when trimming steady for pull-up 
ight.W = 0, when trim-min for steady turning 
ight.nlplant.
This s
ript C-�le, the heart of the F-16 simulation, 
ontains all of the equations that govern thedynami
s of the F-16 (ie., the equations of motion, navigation equations, et
).lofi_F16_AeroData.
Contains all of the fun
tions 
alled by nlplant.
 to determine the aerodynami
 data from ittabular form for the low �delity model.hifi_F16_AeroData.
Contains all of the fun
tions 
alled by nlplant.
 to determine the aerodynami
 data from ittabular form for the high �delity model.mexndinterp.
Creates the C fun
tions su
h as interpn and linearInterpolate that allows the s
ript �lenlplant.
 to qui
kly interpolate the low and high �delity aerodynami
 tables.LIN_F16Blo
k.mdlSimulink model for the low and high �delity model used by runLINF16 to linearize the model.This model 
ontains saturation blo
ks that may a�e
t the linearization pro
ess.runLINF16sim.mTo run, type runLINF16sim at Matlab's 
ommand line.>> runLINF16simWhat the program will do:When exe
uted runLINF16sim.m will linearize the high �delity and low �delity models using theSimulink model, LIN_F16Blo
k.mdl. Then in a similar fashion as runF16sim it will then promptthe user to enter the trim 
onditions (altitude and velo
ity) for the F-16 simulation. The user 
an
reate disturban
es on the any of the 
ontrol surfa
es. To see the trimmed behavior of the answerno ('n') otherwise enter a de
e
tion, in degrees, at the appropriate prompt for ea
h 
ontrol surfa
e.The simulation will be 
arried out for the linear model and the results will be saved to a text �le.The fun
tion will look for any �les that have been 
reated at this 
ight 
ondition and plot all of theavailable results, both linear and nonlinear, on a single plot.FindF16Dynami
s.mWhen exe
uted FindF16Dynami
s.m will linearize both the high �delity and low �delity models,
reating a linear time-invariant (LTI) model for the F-16 air
raft. It will then break up the LTImodel into the longitudinal and lateral dire
tional modes, �nd the poles and 
orresponding dampingratio and natural frequen
y for ea
h mode, 
reate pole-zero map, and 
reate a Bode plot of ea
h ofthe states with respe
t to a given 
ontrol surfa
e and thrust. Requires: �-Synthesis Toolbox.If after you have used the F-16 Simulation, you develop a program that you �nd to be parti
u-larly useful and you think it should be in
luded with the download. Please send the program witha des
ription to F16Sim�aem.umn.edu and we will try to in
lude it.
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5 Using the Non-linear F-16 Model:The F-16 Model 
an have a lot of uses. It 
an be used for edu
ational purposes to tea
h basi

on
epts of air
raft simulation and 
ontroller design.Current uses for the non-linear F-16 plant in
luded with this download in
lude:1. Use of the non-linear model dire
tly to see the response of the F-16 to di�erent 
ontrol inputs.2. Linearizing the non-linear F-16 plant so that 
lassi
al and modern methods of 
ontrol design
an be applied. These methods in
lude: root-lo
us, Bode plots, et
.3. Linearizing the non-linear F-16 plant and use it to analyze the longitudinal and lateral dire
-tional dynami
s of the F-16.Please let us know what you have used the F-16 Model for by sending an email to F16Sim�aem.umn.edu.5.1 Using the Non-linear F-16 model dire
tly:You 
an run the F-16 Model dire
tly in Simulink or use runF16Sim in Matlab. We will 
over howto run the simulation through use of the runF16Sim 
ommand. But on
e you are familiar with howrunF16Sim works, it will not be too hard to run the model from Simulink.Using runF16Sim:1. At Matlab's 
ommand-line type, runF16Sim.>> runF16Sim
2. The program will prompt you enter whi
h model you would like to use in the simulation.Please sele
t the model by entering a 1 or 2 at the appropriate prompt. If you need helpsele
ting whi
h one to 
hoose please see the Se
tion 2.6.For your �rst time: Please run the low �delity simulation by entering 1. This will helpyou to feel more 
omfortable with the program interfa
e and it results. You 
an also use it toverify that the program works 
orre
tly on you 
omputer.3. The program will prompt you to 
hoose an altitude and velo
ity. The program will then trimthe F-16 at this 
ight 
ondition. Before you enter the trim 
ondition the program will displaya

eptable values for all of the simulation parameters. The program give the following tableof a

eptable parameters as shown below:A

petable values for flight 
ondition parameters are:

ModelVariable LOFI HIFIUnits Min Max Min MaxAltitude: ft 5000 40000 5000 40000AOA deg -10 45 -10 90Thrust lbs 1000 19000 1000 19000Elevator deg -25.0 25.0 -25.0 25.0
11



Aileron deg -21.5 21.5 -21.5 21.5Rudder deg -30 30 -30 30Velo
ity ft/s 300 900 300 900The flight 
ondition you 
hoose will be used to trim the F16.Note: The trim routine will trim to the desiredaltitude and velo
ity. All other parameterswill be varied until level flight is a
hieved.You may need to view the results of the simulationand retrim a

ordingly.
For your �rst time: Use values of 15,000 ft for the altitude and 500 ft/s for the velo
ity.Enter the altitude for the simulation (ft): 15000Enter the velo
ity for the simulation (ft/s): 5004. The program will ask you if you would like to 
reate a disturban
e on any of the 
ontrolsurfa
es. The 
ontrol surfa
es in
lude: the elevator, ailerons and rudder. If you would like tosee the trimmed behavior of the F-16 at the 
ight 
ondition you have 
hosen simply type 'n'.Otherwise, answer 'y' to 
reate a disturban
e on any or all of the 
ontrol surfa
es. De
e
tionof the 
ontrol surfa
es are measured in degrees. For a sign 
onvention of the 
ontrol surfa
esplease see Se
tion 2.4. The default disturban
e is a doublet added to the trim de
e
tion of the
ontrol surfa
e. Please see the Simulink model, F16Blo
k for further details or to 
hange thetype of disturban
e.For your �rst time: Enter a 5 degree elevator de
e
tion as shown below.Would you like to 
reate a disturban
e on a surfa
e (y/n): yEnter the elevator disturban
e defle
tion (deg) : 5Enter the aileron disturban
e defle
tion (deg) : 0Enter the rudder disturban
e defle
tion (deg) : 05. The program will then exe
ute the fun
tion trim_F16. You will be prompted by trim_F16 toenter the desired steady-state 
ight 
ondition.At what flight 
ondition would you like to trim the F-16?1. Steady Wings-Level Flight.2. Steady Turning Flight.3. Steady Pull-Up Flight.4. Steady Roll Flight.Your Sele
tion:For your �rst time: Trim the F-16 at steady wings-level 
ight by entering 1.trim_F16 tries to �nd an equilibrium point by minimizing the 
ost fun
tion des
ribed byEquation 1. It does this by varying the thrust and the di�erent 
ontrol surfa
es until thederivatives are zero. After iterating a few times the trim routine will exit be
ause the maximumnumber of iterations has been rea
hed or the 
ost has 
onverged. Upon exiting, it will showyou its 
urrent values for the 
ost, 
ontrols and angle of atta
k. The results will be displayedas shown below: 12



Trim Values and Cost:
ost = XXXe-XXthrust = XX.XX lbelev = X.XXX degail = X.XXX degrud = X.XXX degalpha = X.XXX degdLEF = X.XXX degVel. = XXX ft/sContinue trim rountine iterations? (y/n):It is at this point you must de
ide whether or not to 
ontinue iterating. What are you lookingto do? You would like to minimize the 
ost fun
tion. If you a
hieve values for the 
ost on theorder of 10e-29 and 10e-6 for the low and high �delity model, respe
tively, you 
an 
onsiderthe F-16 trim. Otherwise you must 
ontinue iterating until the 
ost 
onverges to a tolerablevalue. If the 
ost does not 
onverge then the initial 
onditions need to be adjusted. It usuallytakes two iterations for an appropriate trim setting to be found. Enter 'y' to 
ontinue iteratingor 'n' when the results are satisfa
tory.For your �rst time: Con�rm that your results are similar to those shown below then enter'y' Note: These results were obtained using Matlab 6.5 running Linux. Results may vary fromplatform to platform, but they should still be very similar.
Trim Values and Cost:
ost = 5.5386e-29thrust = 2120.6214 lbelev = -2.4607 degail = 1.8644e-15 degrud = 3.6479e-14 degalpha = 4.4655 degdLEF = 0 degVel. = 500ft/sContinue trim rountine iterations? (y/n): y
You should now see:Trim Values and Cost:
ost = 5.444e-29thrust = 2120.6214 lbelev = -2.4607 degail = 1.9576e-15 degrud = 3.6479e-14 degalpha = 4.4655 degdLEF = 0 degVel. = 500ft/sContinue trim rountine iterations? (y/n):
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Noti
e that the 
ost fun
tion did not 
hange, this means that the trim settings have beenfound.Note: When using the low �delity model the 
ost fun
tion will 
ontinue to de
rease until theaileron and rudder settings have rea
h zero. This o

urs due to the la
k of 
oupling between thelongitudinal and lateral modes of this model. Thus, if a reasonable value of the 
ost fun
tionhas been rea
hed simply answer 'n'. The results will not be a�e
ted.So, enter 'n' at the prompt.
ost = 5.444e-29thrust = 2120.6214 lbelev = -2.4607 degail = 1.9576e-15 degrud = 3.6479e-14 degalpha = 4.4655 degdLEF = 0 degVel. = 500ft/sContinue trim rountine iterations? (y/n): n6. The simulation is now running.7. The simulation will ask if you would like the results to be plotted. For your �rst time:Answer yes by typing y at the prompt.8. The simulation should produ
e the results shown in the Figures 5 - 8 All plots 
an be found inthe Appendix in a mu
h larger format. To get the results for both the lo� and the hi� modelfollows steps 1-7 using the hi� model. This means at step 2 
hoose the hi� model by entering2 instead of 1.
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Figure 5: The 
ontrol input, a 5 degree elevator doublet, to the low �delity model (solid blue line)and the high �delity (dashed green line) F-16 model at trim altitude of 15,000 ft and trim velo
ityof 500 ft/s.
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Figure 6: The low �delity model (solid blue line) and the high �delity (dashed green line) F-16model response to a 5 degree elevator doublet at 15,000 ft and velo
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Figure 7: The low �delity model (solid blue line) and the high �delity (dashed green line) F-16model response to a 5 degree elevator doublet at 15,000 ft and velo
ity of 500 ft/s. Continued.
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5.2 Linearizing the non-linear F-16 plantThe non-linear F-16 plant 
an be linearized. The linearized model 
an be used in simulation or beused for 
ontrol design. A linearized model allows 
lassi
al and modern methods of 
ontrol designto be applied. runLINF16Sim will linearize the F-16 model and write the state-spa
e matri
es to a�le for later use. It will also run a simulation using the linearized model. If non-linear simulation�les exist then runLINF16Sim will graph all of the results on one plot.Using runLINF16Sim:1. At Matlab's 
ommand-line type, runF16Sim.>> runLINF16Sim2. The program will prompt you to 
hoose an altitude and velo
ity that the simulation to begin.It will then trim the F-16 at this 
ondition.A

petable values for flight 
ondition parameters are:
ModelVariable LOFI HIFIUnits Min Max Min MaxAltitude: ft 5000 40000 5000 40000AOA deg -10 45 -10 90Thrust lbs 1000 19000 1000 19000Elevator deg -25.0 25.0 -25.0 25.0Aileron deg -21.5 21.5 -21.5 21.5Rudder deg -30 30 -30 30Velo
ity ft/s 300 900 300 900For your �rst time: Use values of 15,000 ft for the altitude and 500 ft/s for the velo
ity.Enter the altitude for the simulation (ft) : 15000Enter the velo
ity for the simulation (ft/s): 5003. As with runF16Sim, runLINF16Sim will then exe
ute the fun
tion trim_F16 for both the low�delity and high �delity models. First, you will be prompted by trim_F16 to enter the desiredsteady-state 
ight 
ondition for the high �delity model.Trimming High Fidelity Model:At what flight 
ondition would you like to trim the F-16?1. Steady Wings-Level Flight.2. Steady Turning Flight.3. Steady Pull-Up Flight.4. Steady Roll Flight.Your Sele
tion:
17



For your �rst time: Trim the F-16 at steady wings-level 
ight by entering 1 for both thelow and high �delity trim 
onditions.This program tries to �nd an equilibrium point by minimizing the 
ost fun
tion. The 
ostfun
tion is minimized by varying the thrust and the di�erent 
ontrol surfa
es until the deriva-tives have gone to zero. After iterating a few times the trim routine will show you where it isat by displaying the following results followed by a prompt of whether or not to 
ontinue:Trim Values and Cost:
ost = XXXe-XXthrust = XX.XX lbelev = X.XXX degail = X.XXX degrud = X.XXX degalpha = X.XXX degdLEF = X.XXX degVel. = XXX ft/sContinue trim rountine iterations? (y/n):What are you looking for at this point? You would like to minimize the 
ost fun
tion. Valueson the order of 10e-29 and 10e-6 are 
ommon for the low and high �delity model. It usuallytakes tow iterations for an appropriate trim setting to be found. Enter 'y' to 
ontinue iteratingor 'n' when the results are satisfa
tory.For your �rst time: Follow the same instru
tions of runF16Sim instru
tion set 5 for boththe high �delity and low �delity model.4. The program will ask you if you would like to 
reate a disturban
e on any of the 
ontrolsurfa
es. The 
ontrol surfa
es in
lude: the elevator, ailerons and rudder. If you like to seethe trimmed behavior of the F-16 at the 
ight 
ondition you have 
hosen simply type 'n'.Otherwise, answer 'y' to 
reate a disturban
e on any or all of the 
ontrol surfa
es. Thedisturban
e is a doublet added to the trim de
e
tion of the 
ontrol surfa
e. Please see theSimulink model, SS_F16Blo
k. For your �rst run through enter the following:Would you like to 
reate a disturban
e on a surfa
e (y/n): yEnter the elevator disturban
e defle
tion (deg): 5Enter the aileron disturban
e defle
tion (deg): 0Enter the rudder disturban
e defle
tion (deg): 05. The simulation is now running.6. The simulation will ask if you would like the results to be plotted. For your �rst time:Answer yes by typing y at the prompt.7. The simulation should produ
e the results shown in Figure 9 - Figure 12.
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Figure 9: The 
ontrol input, a 5 degree elevator doublet, to the linearized F-16 model at 15,000 ftand velo
ity of 500 ft/s.
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Figure 10: Comparison of linearized F-16 model response (low and high �delity) to low �delity modelresponse when a 5 degree doublet is applied to the elevator at 15,000 ft and velo
ity of 500 ft/s.
19



0 10 20 30
460

480

500

520

540

560

580

600

V
el

oc
ity

 (
ft/

s)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

0 10 20 30
−20

−15

−10

−5

0

5

10

15

20

25

A
ng

le
 o

f A
tta

ck
 (

de
gr

ee
s)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

0 10 20 30
−1.5

−1

−0.5

0

0.5

1

1.5

S
id

e 
S

lip
 (

de
gr

ee
s)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

0 10 20 30
−15

−10

−5

0

5

10

15

R
ol

l R
at

e 
(d

eg
/s

)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

0 10 20 30
−30

−20

−10

0

10

20

30

P
itc

h 
R

at
e 

(d
eg

/s
)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

0 10 20 30
−4

−3

−2

−1

0

1

2

3

Y
aw

 R
at

e 
(d

eg
/s

)

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

Figure 11: Comparison of linearized F-16 model response (low and high �delity) to low �delity modelresponse when a 5 degree doublet is applied to the elevator at 15,000 ft and velo
ity of 500 ft/s.Continued.
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Figure 12: Comparison of linearized F-16 model response (low and high �delity) to low �delity modelresponse when a 5 degree doublet is applied to the elevator at 15,000 ft and velo
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5.3 Analyzing the longitudinal and lateral dire
tional modes of the F16.FindF16Dynami
s will linearize the entire F-16 model, it will then extra
t the longitudinal andlateral dire
tional modes. FindF16Dynami
s will then give a pole-zero mapping of the longitudinaland lateral dire
tional state spa
e models. Bode plots of ea
h state to a 
ontrol surfa
e will also bedisplayed.Using FindF16Dynami
s:1. At the 
ommand-line type:>> FindF16Dynami
s2. You will be asked to enter an altitude and velo
ity for whi
h you would like the non-linearmodel to be linearized about.For your �rst time: Use an altitude of 15,000 ft and a velo
ity of 500 ft/s.Enter the altitude for the simulation (ft) : 15000Enter the velo
ity for the simulation (ft/s): 5003. You will then have to trim the air
raft in a similar fashion as for runF16Sim and runLINF16,for both the low and high �delity models. Please 
onsult instru
tion set 5 of runF16Sim.4. FindF16Dynami
s will then output the linear time invariant state-spa
e matri
es for the high�delity model.FindF16Dynami
s will give the state-spa
e matri
es (A,B, C and D) for both the longitudinaland lateral dire
tions. The states for the longitudinal modes are altitude, pit
h angle, magni-tude of the total velo
ity, angle of atta
k and pit
h rate. The 
ontrol inputs are thrust andelevator de
e
tion.Units: For the following state-spa
e matri
es, all angles and rotations are given in degrees.All measures for distan
e are given in feet and time is given in se
onds.The longitudinal state-spa
e matri
es, given by FindF16Dynami
s, will be of the form:2666666664
_h_�_v_�_q_Æt_Æe

3777777775 = A
2666666664

h�v�qÆtÆe

3777777775+B � ÆtÆe �

266664
h�v�q
377775 = C

266664
h�v�q
377775+D � ÆtÆe �
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The lateral dire
tional states are roll angle, yaw angle, magnitude of the total velo
ity, side-slipangle, roll rate and yaw rate. The inputs for this dire
tion are thrust, aileron de
e
tion andrudder de
e
tion.The lateral state-spa
e matri
es (A,B, C and D) will be of the form:266666666666664

_�_ _v_�_p_r_Æt_Æa_Ær

377777777777775
= A

26666666666664

� v�prÆtÆaÆr

37777777777775
+B24 ÆtÆaÆr

35

26666664
� v�pr
37777775 = C

26666664
� v�pr
37777775+D24 ÆtÆaÆr

35
The results shown below are for an altitude of 15000 ft and a velo
ity of 500 ft/s:For HIFI Model:Longitudal Dire
tion:A =0.000e+00 5.000e+02 3.553e-10 -5.000e+02 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+001.074e-04 -3.217e+01 -1.321e-02 -2.669e+00 -1.186e+00 1.565e-03 3.870e-022.076e-06 -3.681e-13 -2.552e-04 -6.761e-01 9.392e-01 -2.480e-07 -1.437e-039.632e-12 0.000e+00 -1.184e-09 -5.757e-01 -8.741e-01 0.000e+00 -1.188e-010.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -1.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01B =0.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+001.000e-00 0.000e+000.000e+00 2.020e+01C =1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00D =0.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+00real imaginary frequen
y damping22



1.4544e-07 0.0000e+00 1.4544e-07 -1.0000e+00-3.5809e-03 -6.8349e-02 6.8442e-02 5.2320e-02-3.5809e-03 6.8349e-02 6.8442e-02 5.2320e-02-1.0000e+00 0.0000e+00 1.0000e+00 1.0000e+00-7.7811e-01 -7.2880e-01 1.0661e+00 7.2986e-01-7.7811e-01 7.2880e-01 1.0661e+00 7.2986e-01-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00Lateral Direa
tion:A =0.000e+00 0.000e+00 0.000e+00 0.000e+00 1.000e-00 7.924e-02 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 1.003e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 -1.321e-02 -2.872e-01 0.000e+00 0.000e+00 1.565e-03 0.000e+00 0.000e+006.414e-02 0.000e+00 -1.695e-06 -1.868e-01 7.946e-02 -9.918e-01 0.000e+00 2.026e-04 5.394e-040.000e+00 0.000e+00 2.722e-10 -2.277e+01 -2.236e+00 5.459e-01 0.000e+00 -4.310e-01 8.115e-020.000e+00 0.000e+00 -4.475e-08 4.854e+00 -4.181e-02 -3.146e-01 0.000e+00 -1.797e-02 -4.036e-020.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -1.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01B =0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+001.000e-00 0.000e+00 0.000e+000.000e+00 2.020e+01 0.000e+000.000e+00 0.000e+00 2.020e+01C =5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00D =0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00real imaginary frequen
y damping-3.9248e-16 0.0000e+00 3.9248e-16 1.0000e+00-1.3206e-02 0.0000e+00 1.3206e-02 1.0000e+00-1.6981e-02 0.0000e+00 1.6981e-02 1.0000e+00-1.0000e+00 0.0000e+00 1.0000e+00 1.0000e+00-2.0905e+00 0.0000e+00 2.0905e+00 1.0000e+00-3.1526e-01 -2.5225e+00 2.5422e+00 1.2401e-01-3.1526e-01 2.5225e+00 2.5422e+00 1.2401e-01-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00For LOFI Model:Longitudal Dire
tion:A =0.000e+00 5.000e+02 3.553e-10 -5.000e+02 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+001.080e-04 -3.217e+01 -1.328e-02 -7.326e+00 -1.196e+00 1.565e-03 7.397e-022.076e-06 2.547e-13 -2.553e-04 -6.398e-01 9.378e-01 -2.445e-07 -1.357e-032.573e-20 0.000e+00 -3.163e-18 -1.568e+00 -8.791e-01 0.000e+00 -1.137e-010.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -1.000e+00 0.000e+00
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0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01B =0.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+001.000e-00 0.000e+000.000e+00 2.020e+01C =1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00D =0.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+000.000e+00 0.000e+00real imaginary frequen
y damping-3.1073e-10 0.0000e+00 3.1073e-10 1.0000e+00-3.9011e-03 -8.4374e-02 8.4464e-02 4.6187e-02-3.9011e-03 8.4374e-02 8.4464e-02 4.6187e-02-1.0000e+00 0.0000e+00 1.0000e+00 1.0000e+00-7.6215e-01 1.2051e+00 1.4259e+00 5.3451e-01-7.6215e-01 -1.2051e+00 1.4259e+00 5.3451e-01-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00Lateral Direa
tion:A =0.000e+00 0.000e+00 0.000e+00 0.000e+00 1.000e-00 7.810e-02 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 1.003e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 -1.328e-02 9.403e-15 0.000e+00 0.000e+00 1.565e-03 0.000e+00 0.000e+006.414e-02 0.000e+00 3.761e-20 -2.022e-01 7.827e-02 -9.919e-01 0.000e+00 1.724e-04 5.058e-040.000e+00 0.000e+00 4.496e-18 -2.292e+01 -2.254e+00 5.408e-01 0.000e+00 -4.623e-01 5.686e-020.000e+00 0.000e+00 -7.040e-18 6.005e+00 -4.040e-02 -3.146e-01 0.000e+00 -2.437e-02 -4.687e-020.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -1.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 -2.020e+01B =0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+001.000e-00 0.000e+00 0.000e+000.000e+00 2.020e+01 0.000e+000.000e+00 0.000e+00 2.020e+01C =5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 1.000e-00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00 0.000e+00 0.000e+00 5.730e+01 0.000e+00 0.000e+00 0.000e+00D =0.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+000.000e+00 0.000e+00 0.000e+00real imaginary frequen
y damping
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1.7768e-15 0.0000e+00 1.7768e-15 -1.0000e+00-1.1264e-02 0.0000e+00 1.1264e-02 1.0000e+00-1.3277e-02 0.0000e+00 1.3277e-02 1.0000e+00-1.0000e+00 0.0000e+00 1.0000e+00 1.0000e+00-2.1202e+00 0.0000e+00 2.1202e+00 1.0000e+00-3.1981e-01 -2.7408e+00 2.7594e+00 1.1590e-01-3.1981e-01 2.7408e+00 2.7594e+00 1.1590e-01-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00-2.0200e+01 0.0000e+00 2.0200e+01 1.0000e+00
5. A pole-zero mapping will then be displayed.The bode plots displayed by FindF16Dynami
s will displayed in the following order. It willdisplay the longitudinal Bode plots �rst beginning with the �rst state, h, with input to thrust,Æt. Then it will show the Bode plot for pit
h angle, velo
ity, and so on for thrust input. Itwill then use the same order for the states to show the Bode plots with the elevator de
e
tionas the input to the system. The lateral dire
tional Bode plot will be displayed in a similarfashion beginning the roll angle with thrust input and ending with roll rate with rudder input.Consult the Table 5 for 
lari�
ation.Plot # State Input1 h Æt2 h Æe3 � Æt4 � Æe5 v Æt6 v Æe7 � Æt8 � Æe9 q Æt10 q ÆeTable 5. Longitudinal Bode Plots.
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Plot # State Input11 � Æt12 � Æa13 � Ær14  Æt15  Æa16  Ær17 v Æt18 v Æa19 v Ær20 � Æt21 � Æa22 � Ær23 p Æt24 p Æa25 p Ær26 r Æt27 r Æa28 r ÆrTable 5. Lateral Bode Plots.The pole-zero mapping for an altitude of 15000 ft and a velo
ity of 500 ft/s is shown in Figure13 - Figure 15.6. Finally, the Bode plots will be displayed, as shown in Figure 6. After you have analyzed theresults hit enter and a new Bode plot will be displayed. The Bode plots will be displayed inorder by state versus the 
ontrol input.
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Figure 13: Pole-zero mapping of the entire F-16.
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tion of the F-16.
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Figure 15: Pole-zero mapping of the lateral dire
tion of the F-16.

10
−2

10
−1

10
0

10
1

10
2

10
−10

10
−5

10
0

10
5

Lo
g 

M
ag

ni
tu

de

Frequency (radians/sec)

10
−2

10
−1

10
0

10
1

10
2

−300

−250

−200

−150

−100

−50

P
ha

se
 (

de
gr

ee
s)

Frequency (radians/sec)

hifi
lofi
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A AppendixA.1 Response of F-16 Models to 5-deg. elevator doublet.The response of the non-linear and linearized low and high �delity F-16 models to an 5-deg elevatordoublet. The results have been enlarged so that you 
an 
ompare validity of your plots and reaÆrmthat the programs are working 
orre
tly.

30



0 5 10 15 20 25 30 35 40 45 50
2108

2110

2112

2114

2116

2118

2120

2122

T
hr

us
t

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

(a) Thrust input. 0 5 10 15 20 25 30 35 40 45 50
−8

−6

−4

−2

0

2

4

D
el

 E
le

va
to

r

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

(b) 5-deg. Elevator doublet

−2000
0

2000
4000

6000
8000

0

0.5

1

1.5

2

2.5

3

x 10
4

1

1.1

1.2

1.3

1.4

1.5

1.6

x 10
4

East PositionNorth Position

A
lti

tu
de

LOFI
HIFI

(
) F-16 Traje
tory 0 5 10 15 20 25 30 35 40 45 50
−0.5

0

0.5

1

1.5

2

2.5

3
x 10

4

N
or

th
 P

os
.

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

(d) North Position

0 5 10 15 20 25 30 35 40 45 50
−1000

0

1000

2000

3000

4000

5000

6000

7000

8000

E
as

t P
os

.

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

(e) East Position 0 5 10 15 20 25 30 35 40 45 50
1.2

1.25

1.3

1.35

1.4

1.45

1.5

1.55
x 10

4

A
lti

tu
de

 ft

Time (sec)

Trim: Vel. = 500.0 
 Alt. = 15000.0

LOFI
HIFI
LOFI−LTI
HIFI−LTI

(f) AltitudeFigure 17: Response of non-linear and linearized low �delity and high �delity F-16 Models to an5-deg elevator doublet.
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(d) Roll Angle, �.
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(f) Yaw Angle,  .Figure 18: Response of non-linear and linearized low �delity and high �delity F-16 Models to an5-deg elevator doublet. Continued.
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(f) Z-axis Normal A

elerationFigure 19: Response of non-linear and linearized low �delity and high �delity F-16 Models to an5-deg elevator doublet. Continued
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 PressureFigure 20: Response of non-linear and linearized low �delity and high �delity F-16 Models to an5-deg elevator doublet. Continued.
A.2 nlplant.


34



#in
lude <math.h>/* Merging the nlplant.
 (lofi) and nlplant_hifi.
 to usesame equations of motion, navigation equations and useown look-up tables de
ided by a flag. */void atmos(double,double,double*); /* Used by both */void a

els(double*,double*,double*); /* Used by both */#in
lude "lofi_F16_AeroData.
" /* LOFI Look-up header file*/#in
lude "hifi_F16_AeroData.
" /* HIFI Look-up header file*/void nlplant(double*,double*);/*########################################*//*### Added for mex fun
tion in matlab ###*//*########################################*/#in
lude "mex.h"int fix(double);int sign(double);void mexFun
tion(int nlhs, mxArray *plhs[℄,int nrhs, 
onst mxArray *prhs[℄){#define XU prhs[0℄#define XDOTY plhs[0℄int i;double *xup, *xdotp;if (mxGetM(XU)==18 && mxGetN(XU)==1){/* Calling Program */xup = mxGetPr(XU);XDOTY = mxCreateDoubleMatrix(18, 1, mxREAL);xdotp = mxGetPr(XDOTY);nlplant(xup,xdotp);/* debugfor (i=0;i<=14;i++){printf("xdotp(%d) = %e\n",i+1,xdotp[i℄);}end debug */} /* End if */else{ mexErrMsgTxt("Input and/or output is wrong size.");} /* End else */} /* end mexFun
tion *//*########################################*//*########################################*/void nlplant(double *xu, double *xdot){int fi_flag;
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/* #in
lude f16_
onstants */double g = 32.17; /* gravity, ft/s^2 */double m = 636.94; /* mass, slugs */double B = 30.0; /* span, ft */double S = 300.0; /* planform area, ft^2 */double 
bar = 11.32; /* mean aero 
hord, ft */double x
gr = 0.35; /* referen
e 
enter of gravity as a fra
tion of 
bar */double x
g = 0.30; /* 
enter of gravity as a fra
tion of 
bar. */double Heng = 0.0; /* turbine momentum along roll axis. */double pi = a
os(-1);double r2d; /* radians to degrees *//*NasaData %translated via eq. 2.4-6 on pg 80 of Stevens and Lewis*/double Jy = 55814.0; /* slug-ft^2 */double Jxz = 982.0; /* slug-ft^2 */double Jz = 63100.0; /* slug-ft^2 */double Jx = 9496.0; /* slug-ft^2 */double *temp;double npos, epos, alt, phi, theta, psi, vt, alpha, beta, P, Q, R;double sa, 
a, sb, 
b, tb, st, 
t, tt, sphi, 
phi, spsi, 
psi;double T, el, ail, rud, dail, drud, lef, dlef;double qbar, ma
h, ps;double U, V, W, Udot,Vdot,Wdot;double L_tot, M_tot, N_tot, denom;double Cx_tot, Cx, delta_Cx_lef, dXdQ, Cxq, delta_Cxq_lef;double Cz_tot, Cz, delta_Cz_lef, dZdQ, Czq, delta_Czq_lef;double Cm_tot, Cm, eta_el, delta_Cm_lef, dMdQ, Cmq, delta_Cmq_lef, delta_Cm, delta_Cm_ds;double Cy_tot, Cy, delta_Cy_lef, dYdail, delta_Cy_r30, dYdR, dYdP;double delta_Cy_a20, delta_Cy_a20_lef, Cyr, delta_Cyr_lef, Cyp, delta_Cyp_lef;double Cn_tot, Cn, delta_Cn_lef, dNdail, delta_Cn_r30, dNdR, dNdP, delta_Cnbeta;double delta_Cn_a20, delta_Cn_a20_lef, Cnr, delta_Cnr_lef, Cnp, delta_Cnp_lef;double Cl_tot, Cl, delta_Cl_lef, dLdail, delta_Cl_r30, dLdR, dLdP, delta_Clbeta;double delta_Cl_a20, delta_Cl_a20_lef, Clr, delta_Clr_lef, Clp, delta_Clp_lef;temp = (double *)mallo
(9*sizeof(double)); /*size of 9.1 array*/r2d = 180.0/pi; /* radians to degrees *//* %%%%%%%%%%%%%%%%%%%States%%%%%%%%%%%%%%%%%%% */npos = xu[0℄; /* north position */epos = xu[1℄; /* east position */alt = xu[2℄; /* altitude */phi = xu[3℄; /* orientation angles in rad. */theta = xu[4℄;psi = xu[5℄;vt = xu[6℄; /* total velo
ity */alpha = xu[7℄*r2d; /* angle of atta
k in degrees */beta = xu[8℄*r2d; /* sideslip angle in degrees */P = xu[9℄; /* Roll Rate --- rolling moment is Lbar */Q = xu[10℄; /* Pit
h Rate--- pit
hing moment is M */
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R = xu[11℄; /* Yaw Rate --- yawing moment is N */sa = sin(xu[7℄); /* sin(alpha) */
a = 
os(xu[7℄); /* 
os(alpha) */sb = sin(xu[8℄); /* sin(beta) */
b = 
os(xu[8℄); /* 
os(beta) */tb = tan(xu[8℄); /* tan(beta) */st = sin(theta);
t = 
os(theta);tt = tan(theta);sphi = sin(phi);
phi = 
os(phi);spsi = sin(psi);
psi = 
os(psi);if (vt <= 0.01) {vt = 0.01;}/* %%%%%%%%%%%%%%%%%%%Control inputs%%%%%%%%%%%%%%%%%%% */T = xu[12℄; /* thrust */el = xu[13℄; /* Elevator setting in degrees. */ail = xu[14℄; /* Ailerons setting in degrees. */rud = xu[15℄; /* Rudder setting in degrees. */lef = xu[16℄; /* Leading edge flap setting in degrees */fi_flag = xu[17℄/1; /* fi_flag */dail = ail/20.0; /* aileron normalized against max angle */drud = rud/30.0; /* rudder normalized against max angle */dlef = (1 - lef/25.0); /* leading edge flap normalized against max angle *//* %%%%%%%%%%%%%%%%%%Atmospheri
 effe
tssets dynami
 pressure and ma
h number%%%%%%%%%%%%%%%%%% */atmos(alt,vt,temp);ma
h = temp[0℄;qbar = temp[1℄;ps = temp[2℄;/*%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%Dynami
s%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%*//* %%%%%%%%%%%%%%%%%%Navigation Equations%%%%%%%%%%%%%%%%%% */U = vt*
a*
b; /* dire
tional velo
ities. */V = vt*sb;W = vt*sa*
b;/* nposdot */xdot[0℄ = U*(
t*
psi) +
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V*(sphi*
psi*st - 
phi*spsi) +W*(
phi*st*
psi + sphi*spsi);/* eposdot */xdot[1℄ = U*(
t*spsi) +V*(sphi*spsi*st + 
phi*
psi) +W*(
phi*st*spsi - sphi*
psi);/* altdot */xdot[2℄ = U*st - V*(sphi*
t) - W*(
phi*
t);/* %%%%%%%%%%%%%%%%%%%Kinemati
 equations%%%%%%%%%%%%%%%%%%% *//* phidot */xdot[3℄ = P + tt*(Q*sphi + R*
phi);/* theta dot */xdot[4℄ = Q*
phi - R*sphi;/* psidot */xdot[5℄ = (Q*sphi + R*
phi)/
t;/* %%%%%%%%%%%%%%%%%%Table lookup%%%%%%%%%%%%%%%%%% */if (fi_flag == 1) /* HIFI Table */{ hifi_C(alpha,beta,el,temp);Cx = temp[0℄;Cz = temp[1℄;Cm = temp[2℄;Cy = temp[3℄;Cn = temp[4℄;Cl = temp[5℄;hifi_damping(alpha,temp);Cxq = temp[0℄;Cyr = temp[1℄;Cyp = temp[2℄;Czq = temp[3℄;Clr = temp[4℄;Clp = temp[5℄;Cmq = temp[6℄;Cnr = temp[7℄;Cnp = temp[8℄;hifi_C_lef(alpha,beta,temp);delta_Cx_lef = temp[0℄;delta_Cz_lef = temp[1℄;delta_Cm_lef = temp[2℄;delta_Cy_lef = temp[3℄;delta_Cn_lef = temp[4℄;delta_Cl_lef = temp[5℄;hifi_damping_lef(alpha,temp);delta_Cxq_lef = temp[0℄;delta_Cyr_lef = temp[1℄;delta_Cyp_lef = temp[2℄;
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delta_Czq_lef = temp[3℄;delta_Clr_lef = temp[4℄;delta_Clp_lef = temp[5℄;delta_Cmq_lef = temp[6℄;delta_Cnr_lef = temp[7℄;delta_Cnp_lef = temp[8℄;hifi_rudder(alpha,beta,temp);delta_Cy_r30 = temp[0℄;delta_Cn_r30 = temp[1℄;delta_Cl_r30 = temp[2℄;hifi_ailerons(alpha,beta,temp);delta_Cy_a20 = temp[0℄;delta_Cy_a20_lef = temp[1℄;delta_Cn_a20 = temp[2℄;delta_Cn_a20_lef = temp[3℄;delta_Cl_a20 = temp[4℄;delta_Cl_a20_lef = temp[5℄;hifi_other_
oeffs(alpha,el,temp);delta_Cnbeta = temp[0℄;delta_Clbeta = temp[1℄;delta_Cm = temp[2℄;eta_el = temp[3℄;delta_Cm_ds = 0; /* ignore deep-stall effe
t */}else if (fi_flag == 0){/* ########################################################LOFI Table Look-up ###############################################################*//* The lofi model does not in
lude theleading edge flap. All terms multiplieddlef have been set to zero but just tobe sure we will set it to zero. */dlef = 0.0;damping(alpha,temp);Cxq = temp[0℄;Cyr = temp[1℄;Cyp = temp[2℄;Czq = temp[3℄;Clr = temp[4℄;Clp = temp[5℄;Cmq = temp[6℄;Cnr = temp[7℄;Cnp = temp[8℄;dmomd
on(alpha,beta, temp);delta_Cl_a20 = temp[0℄; /* Formerly dLda in nlplant.
 */delta_Cl_r30 = temp[1℄; /* Formerly dLdr in nlplant.
 */delta_Cn_a20 = temp[2℄; /* Formerly dNda in nlplant.
 */delta_Cn_r30 = temp[3℄; /* Formerly dNdr in nlplant.
 */
l
n(alpha,beta,temp);Cl = temp[0℄;
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Cn = temp[1℄;
x
m(alpha,el,temp);Cx = temp[0℄;Cm = temp[1℄;Cy = -.02*beta + .021*dail + .086*drud;
z(alpha,beta,el,temp);Cz = temp[0℄;/*##################################################/*#################################################### Set all higher order terms of hifi that are #### not appli
able to lofi equal to zero. ##########################################################*/delta_Cx_lef = 0.0;delta_Cz_lef = 0.0;delta_Cm_lef = 0.0;delta_Cy_lef = 0.0;delta_Cn_lef = 0.0;delta_Cl_lef = 0.0;delta_Cxq_lef = 0.0;delta_Cyr_lef = 0.0;delta_Cyp_lef = 0.0;delta_Czq_lef = 0.0;delta_Clr_lef = 0.0;delta_Clp_lef = 0.0;delta_Cmq_lef = 0.0;delta_Cnr_lef = 0.0;delta_Cnp_lef = 0.0;delta_Cy_r30 = 0.0;delta_Cy_a20 = 0.0;delta_Cy_a20_lef= 0.0;delta_Cn_a20_lef= 0.0;delta_Cl_a20_lef= 0.0;delta_Cnbeta = 0.0;delta_Clbeta = 0.0;delta_Cm = 0.0;eta_el = 1.0; /* Needs to be one. See equation for Cm_tot*/delta_Cm_ds = 0.0;/*####################################################################################################*/}/* %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
ompute Cx_tot, Cz_tot, Cm_tot, Cy_tot, Cn_tot, and Cl_tot(as on NASA report p37-40)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% *//* XXXXXXXX Cx_tot XXXXXXXX */dXdQ = (
bar/(2*vt))*(Cxq + delta_Cxq_lef*dlef);Cx_tot = Cx + delta_Cx_lef*dlef + dXdQ*Q;/* ZZZZZZZZ Cz_tot ZZZZZZZZ */
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dZdQ = (
bar/(2*vt))*(Czq + delta_Cz_lef*dlef);Cz_tot = Cz + delta_Cz_lef*dlef + dZdQ*Q;/* MMMMMMMM Cm_tot MMMMMMMM */dMdQ = (
bar/(2*vt))*(Cmq + delta_Cmq_lef*dlef);Cm_tot = Cm*eta_el + Cz_tot*(x
gr-x
g) + delta_Cm_lef*dlef + dMdQ*Q + delta_Cm + delta_Cm_ds;/* YYYYYYYY Cy_tot YYYYYYYY */dYdail = delta_Cy_a20 + delta_Cy_a20_lef*dlef;dYdR = (B/(2*vt))*(Cyr + delta_Cyr_lef*dlef);dYdP = (B/(2*vt))*(Cyp + delta_Cyp_lef*dlef);Cy_tot = Cy + delta_Cy_lef*dlef + dYdail*dail + delta_Cy_r30*drud + dYdR*R + dYdP*P;/* NNNNNNNN Cn_tot NNNNNNNN */dNdail = delta_Cn_a20 + delta_Cn_a20_lef*dlef;dNdR = (B/(2*vt))*(Cnr + delta_Cnr_lef*dlef);dNdP = (B/(2*vt))*(Cnp + delta_Cnp_lef*dlef);Cn_tot = Cn + delta_Cn_lef*dlef - Cy_tot*(x
gr-x
g)*(
bar/B) + dNdail*dail +delta_Cn_r30*drud + dNdR*R + dNdP*P + delta_Cnbeta*beta;/* LLLLLLLL Cl_tot LLLLLLLL */dLdail = delta_Cl_a20 + delta_Cl_a20_lef*dlef;dLdR = (B/(2*vt))*(Clr + delta_Clr_lef*dlef);dLdP = (B/(2*vt))*(Clp + delta_Clp_lef*dlef);Cl_tot = Cl + delta_Cl_lef*dlef + dLdail*dail + delta_Cl_r30*drud + dLdR*R + dLdP*P + delta_Clbeta*beta;/* %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
ompute Udot,Vdot, Wdot,(as on NASA report p36)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% */Udot = R*V - Q*W - g*st + qbar*S*Cx_tot/m + T/m;Vdot = P*W - R*U + g*
t*sphi + qbar*S*Cy_tot/m;Wdot = Q*U - P*V + g*
t*
phi + qbar*S*Cz_tot/m;/* %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%vt_dot equation (from S&L, p82)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% */xdot[6℄ = (U*Udot + V*Vdot + W*Wdot)/vt;/* %%%%%%%%%%%%%%%%%%alpha_dot equation%%%%%%%%%%%%%%%%%% */
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xdot[7℄ = (U*Wdot - W*Udot)/(U*U + W*W);/* %%%%%%%%%%%%%%%%%beta_dot equation%%%%%%%%%%%%%%%%% */xdot[8℄ = (Vdot*vt - V*xdot[6℄)/(vt*vt*
b);
/* %%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
ompute Pdot, Qdot, and Rdot (as in Stevens and Lewis p32)%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% */L_tot = Cl_tot*qbar*S*B; /* get moments from 
oeffi
ients */M_tot = Cm_tot*qbar*S*
bar;N_tot = Cn_tot*qbar*S*B;denom = Jx*Jz - Jxz*Jxz;/* %%%%%%%%%%%%%%%%%%%%%%%Pdot%%%%%%%%%%%%%%%%%%%%%%% */xdot[9℄ = (Jz*L_tot + Jxz*N_tot - (Jz*(Jz-Jy)+Jxz*Jxz)*Q*R + Jxz*(Jx-Jy+Jz)*P*Q + Jxz*Q*Heng)/denom;/* %%%%%%%%%%%%%%%%%%%%%%%Qdot%%%%%%%%%%%%%%%%%%%%%%% */xdot[10℄ = (M_tot + (Jz-Jx)*P*R - Jxz*(P*P-R*R) - R*Heng)/Jy;/* %%%%%%%%%%%%%%%%%%%%%%%Rdot%%%%%%%%%%%%%%%%%%%%%%% */xdot[11℄ = (Jx*N_tot + Jxz*L_tot + (Jx*(Jx-Jy)+Jxz*Jxz)*P*Q - Jxz*(Jx-Jy+Jz)*Q*R + Jx*Q*Heng)/denom;

/*########################################*//*### Create a

elerations anx_
g, any_
g *//*### ans anz_
g as outputs ##############*//*########################################*/a

els(xu,xdot,temp);xdot[12℄ = temp[0℄; /* anx_
g */xdot[13℄ = temp[1℄; /* any_
g */xdot[14℄ = temp[2℄; /* anz_
g */xdot[15℄ = ma
h;xdot[16℄ = qbar;xdot[17℄ = ps;/*########################################*//*########################################*/free(temp);}; /*##### END of nlplant() ####*/
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/*########################################*//*### Called Sub-Fun
tions ##############*//*########################################*//*########################################*//* Fun
tion for ma
h and qbar *//*########################################*/void atmos(double alt, double vt, double *
oeff ){double rho0 = 2.377e-3;double tfa
, temp, rho, ma
h, qbar, ps;tfa
 =1 - .703e-5*(alt);temp = 519.0*tfa
;if (alt >= 35000.0) {temp=390;}rho=rho0*pow(tfa
,4.14);ma
h = (vt)/sqrt(1.4*1716.3*temp);qbar = .5*rho*pow(vt,2);ps = 1715.0*rho*temp;if (ps == 0){ps = 1715;}
oeff[0℄ = ma
h;
oeff[1℄ = qbar;
oeff[2℄ = ps;}/*########################################*//*########################################*//*########################################*//*### Port from matlab fix() fun
tion ####*//*########################################*/int fix(double in){int out;if (in >= 0.0){out = (int)floor(in);}else if (in < 0.0){out = (int)
eil(in);}return out;}/* port from matlab sign() fun
tion */int sign(double in){int out;if (in > 0.0){
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out = 1;}else if (in < 0.0){out = -1;}else if (in == 0.0){out = 0;}return out;}/*########################################*//*########################################*//*########################################*//*### Cal
ulate a

elerations from states *//*### and state derivatives. ############ *//*########################################*/void a

els(double *state,double *xdot,double *y){#define grav 32.174double sina, 
osa, sinb, 
osb ;double vel_u, vel_v, vel_w ;double u_dot, v_dot, w_dot ;double nx_
g, ny_
g, nz_
g ;sina = sin(state[7℄) ;
osa = 
os(state[7℄) ;sinb = sin(state[8℄) ;
osb = 
os(state[8℄) ;vel_u = state[6℄*
osb*
osa ;vel_v = state[6℄*sinb ;vel_w = state[6℄*
osb*sina ;u_dot = 
osb*
osa*xdot[6℄- state[6℄*sinb*
osa*xdot[8℄- state[6℄*
osb*sina*xdot[7℄ ;v_dot = sinb*xdot[6℄+ state[6℄*
osb*xdot[8℄ ;w_dot = 
osb*sina*xdot[6℄- state[6℄*sinb*sina*xdot[8℄+ state[6℄*
osb*
osa*xdot[7℄ ;nx_
g = 1.0/grav*(u_dot + state[10℄*vel_w - state[11℄*vel_v)+ sin(state[4℄) ;ny_
g = 1.0/grav*(v_dot + state[11℄*vel_u - state[9℄*vel_w)- 
os(state[4℄)*sin(state[3℄) ;nz_
g = -1.0/grav*(w_dot + state[9℄*vel_v - state[10℄*vel_u)+ 
os(state[4℄)*
os(state[3℄) ;y[0℄ = nx_
g ;y[1℄ = ny_
g ;y[2℄ = nz_
g ;}
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/*########################################*//*########################################*//*########################################*//*########################################*/
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