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Background

« Performed under NASA Modeling and Control
for Agile Aircraft Development (MCAAD)
project.

« Aimed at reducing the time and cost of wind
tunnel testing while developing new aircratft.

« Performed by simultaneous real-time modeling
and real-time control design during flight.

 Previously performed with NDI-based control
laws with adaptive £1 augmentation on the
NASA E1 aircraft under Learn To Fly (L2F)
project.
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NASA E1 Aircraft:




L 2F Architecture:
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Nonlinear Dynamic Inversion (NDI) control
law based on simplified equations of motion.

Adaptive L1 augmentation to assist the NDI

and maintain stability for an aerodynamically
unstable vehicle.

Allocator commands control surface

deflections to realize commanded moments.



Control Principles

L 2F Principles:

Modeling influences both control and control
allocation.

Real time estimation of stability and control
derivatives

Stability derivatives adjust controller in real-time.

Control derivatives adjust allocator in real-time.
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MCAAD Principles:

Seeks to remove influence of modeling on control.

Control is designed based on fully-known rigid body
mechanics and designed offline.

Stability derivatives and control derivatives are fed into
stabilizing allocator and adjusted in real-time.
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MCAAD Proposed Solution

« MCAAD (proposed full solution):
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H,, LPV receives a tracking command and
feedback then calculates a total moment
command. Total moment command could include
moments due to:

« Aerodynamics

« Control surface deflections

« Coupled aerodynamic and control surface

deflections.

Stabilizing Allocator ensures aerodynamic
stability using feedback.

H,, LPV globally asymptotically stabilizes the
rigid-body dynamics, necessary for the
development of stabilizing allocators.

Full solution can handle unstable aircraft, this
work is limited to stable aircratft.



Scope of This Paper

« MCAAD (proposed full solution): * Focus of this study (simplified solution using
conventional control allocator):
't: — Ensures asymptotic stability.
r - — Will serve as an incremental step to the full solution
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M ’j : : — This study is limited to stable aircraft.
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LPV Model Derivation

LTI Systems:
x = Ax + Bu
y =Cx+ Du

Traditional gain-scheduling control could be
applied but has disadvantages.

— No proof of global stability.

— Performance deteriorates as system
deviates from design point
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L PV Systems:

« Capture nonlinearities by describing A, B, C, and D in terms of a
parameter vector, p.
x = A(p)x + B(p)u
y = C(p)x + D(plu
« Parameters are measurable gquantities which are unknown in
advance.
— Examples: Angle of attack, attitude angles, or airspeed.
xx = Axk(P)xx + Bg(p)e
u = Cx(p)xg + Dx(ple

« Can prove global asymptotic stability.



LPV Model Derivation

Affine Polytopic LPV systems: Polytope:

« Most LPV systems do not have affine (linear) dependence
on the parameter vector.

- Assume elements of p are bounded i.e. p; € [P Di] A ‘x\; X \;é’ %{‘ &

« Assume p lies in a polytope, © with vertices, 0;
 Affine dependence allows controllers to be designed at . Ziegler, Giinter M. Lectures on

vertices of the polytope. polytopes. Vol. 152. Springer Science
 Non-Affine Systems must be converted to affine systems. & Business Media, 2012.

* A geometric object with flat faces.

« Transformation into parameter dependent weights and
parameter independent models.

_[A(P) B®)]_ N\ A©) B(®)
5@ = o) bl = ;Wi(p) co) by
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LPV Model Derivation

Tensor Product (TP) Model Transformation:

« TP Transformation transforms non-affine polytopic affine LPV model into affine LPV polytopic model.

« Write the LPV Model as S(p) = [?EZ% ggg e ROvFx(ntm) Table 2
able &

 nis the number of states

Parameter bounds and points

e ¢ Is the number of outputs

* m is the number of inputs

Parameter | Min. | Max. | Unit | Gnd Points
¢ -45 45 deg 50
7 20 | 20 | deg 50
V 65 105 | fis™’ 10

 LPV model is evaluated at grid points and stored as a tensor:
e SD ¢ ]RMlx---prx(n+q)><(n+m)

* M, ..., M, are the dimensions of the parameter space
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LPV Model Derivation

4 h

w(p)
sb Higher Order
pecompositon |5+ s || b
p SD ~ U1
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LPV Model Derivation

Outer Loop Equations of Motion: Inner Loop Equations of Motion:
& =w, —tanf (cosa w; +sina w;) ¢$ = w; +tan b (w, sin ¢ + w3 cos )
1
+ (=L +mg cosy cos ¢) ,
my cos § 0 = w, cos¢p — w3 sin
B =—cosa ws +sina w, w=J]"TM+M)+ ] wx]w)

1
+ —(Y + i
V( cos f + mg cosy sin u)

1
L] = - L _ Y - _
14 v (L cosu sinucosff —mgcosy)

1
/= Lsinu+Y
X=— cosy( sin u Cos 1 cos )
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LPV Model Derivation

Simplifying Assumptions for Quter Loop: Simplified Equations of Motion:

u= ¢ a= w, —gsinqbtanqb
cosa =cosy =1 I{q
Y =0 f=—w3+5sing
~ V
.B"’O )',:0
Lcos¢p = mg g
sina w; =0 X = Vtanqb

* Inner and Outer Loop Models are linearized about an equilibrium in straight and level flight.

» These assumptions are highly restrictive but have served to demonstrate the efficacy of the L2F controls
project and will serve to demonstrate the efficacy of the MCAAD controls project.
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LPV Model Derivation

Outer Loop: Inner Loop:
8 9
SB) = ) Wor®)So SP) = ) wir S
i=1 i=1
Weighting function w,, ,: Weighting function w; 4 :
g”o.a go's“

50

f (deg) 20 50 ¢ (deg)
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Excitation for Real-Time Modeling

« Uses orthogonal multisine programmed
test inputs (PTI) at the control surfaces.

« Real-time modeling observes the
response due to the PTI at a wide range
of explanatory variables across the flight
envelope to accurately construct global
aerodynamic models.

* |ntroduces a fundamental conflict. Good

control mitigates disturbances which
mitigates modeling effectiveness.

12/15/2023

PTI FREQUENCY FOR EACH EFFECTOR (HZ).

L. Hap | R. Flap | L. Ail. | R. Ail Elev. Fud.
1250 AT50 000 1500 A7 50 L0500
2750 3250 2500 3000 2250 2000
A250 AT50 AN A500 3750 3500
AT50 (6250 S500 G000 5250 5000
J250) 750 J000 7500 G750 6500
BT50 L9250 B500 Q000 B250 B000
1.0250 10750 [ LOOOD [ LO5S00 | 9750 9500
1.1750 12250 [ L1500 | L2000 | 11250 | 11000
1.3250 13750 L3000 | L3500 | 12750 | 1.2500
1.4750 15250 [ 14500 [ L5000 | 1.4250 | 1.4000
1.6250 16750 [ Le00l | Le500 | 1.5750 | 1.5500
. (2mkt
Uj = Z Ay sm( +¢k)

ke{l,2,....M}
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LPV Control Design

Inner Loop Bode Plots:

Phase (deqg)
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LPV Control Design

Inner Loop:
_¢ T Wl.inner Zl-im‘!E?‘
cmd,sat
9
Hcmd
xk,l = Z Wr,l(p) AK,T',ixK,i + BK,T',i wl,Cmd Z3 inner
r=1

wz,cmd
L w3,cmd d

_ ; : H,, LPV M
¢cmd,sat Eﬁ- | Allocator u | E1TP

9 Model

Qcmd R y
Mu,cmd = Wr,i(p) CK,r,ixK,i + DK,r,i W1 cmd - M ‘PT'
r=1 wZ,CTnd Modeling

L ws,cmd i :

M is the estimated aerodynamic moment from the real-
time modeling procedure.
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Simulation Results

| PV Frequency Domain Content: NDI Frequency Domain Content:
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» Tracking performance not shown here, shows some limitations but functional tracking.
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Conclusions

« Demonstrated an incremental development of a complete MCAAD control
architecture.
— Satisfies design assumptions necessary to develop stabilizing control allocation.
— Shapes control content better than NDI

 This study isolated the H,, LPV without the stabilizing allocator.

« Simulation results shows has less distortion of PTI which are required for real-time
modeling, compared to previously developed NDI.

* Global exponential stability necessary for development of stabilizing allocator.

 Future work will focus on stabilizing control allocation, adaptive control allocation
and will fully remove the aerodynamic dependency on the controller, relegating all
aerodynamics to the allocator.



Backup Charts
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Stabilizing Allocator Example

Unstable equations of motion single axis From nonlinear F-16 Model, linearized at:
pitch example:

«=06,=0,§=0.
Also, Xcgrep = Xeg-
CM = CMO + CMaa + CMSede + Cqu

Where: « Morelli, Eugene A. "Global nonlinear parametric
modelling with application to F-16 aerodynamics."

Cy. = —2.2029370 x 102 Proceedings of the 1998 American Control Conference.

CMO — 4660702 X 102 ACC (|EEE Cat. No. 98CH36207) Vol. 2. IEEE, 1998.

Cy. =—6.012308 x 1071

be

Cy, = —5.159153
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Stabilizing Allocator Example

Control Design: Stabilizing Allocator:
Equations of Motion: Cv = Cyy + Cy,@ + Cyg 6 + Cy G
. 0 e
al [0 11[@
[q] = lo ollal* 1/le M, L _m
M= pv2se
de . de
I,y = 55,814 slug—ft’ —25deg < 8, <25deg  — 150 —=2 < 6, < 150 —2
SecC SecC
Controller (LQR): Actuator Lag:
B (40)(100)
a ~ (s +40)(s + 100)
M=—K [ q]
K =1[7x10° 7.38x 10°] Flight Parameters:

[p = 002 38 y =880 ——5 =300ft?¢=11.32 ft]
ft sec




Stabilizing Allocator Block Diagram

 Solution to Lagrange Optimization Problem:

L(x,u,A) =](xu) +AT(M, —h(x,u))

J(x,u) is a cost function

A IS a co-state

M. Is a moment command

h(x,u) is the moment predicted by the model

Stabilizing
Allocator

Ue Actuator
Lag

F =) (@)

I

u

F-16

* Design Based on Lyapunov Function:
V(ix,u,A) =0
For stability, Vix,u,A) <0

« To ensure V(x,u, 1) < 0 control laws are
derived in the form of:
u=f(x,uAi M)
A= glx,u, A, M,)



« Generalized inverse is fully determined (1 Moment and 1 Control Surface), but stabilizing allocator is
fundamentally different than the generalized inverse thus the allocation solutions are not the same.

» (Generalized Inverse:
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« Generalized inverse is fully determined (1 Moment and 1 Control Surface), but stabilizing allocator is
fundamentally different than the generalized inverse thus the allocation solutions are not the same.

« Stabilizing Allocator:
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Control Allocation

« Constrained Optimization Problem:
J = lBu — Mcpqlls + E”u — up”l

* B Is determined from real time modeling algorithm
* u, Is the preferred control surface deflection

« Solved in real time using a simplex optimization algorithm.
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LPV Model Derivation

Control Design by Bounded Real Lemma: Drawback:
AL (D)P + PAq(p) PBa(p) ChL(p)] * Infinite pf)sf?‘it.)t'e ”aljetf:toriesf of p,
T . T <0 reCIUIreS INTINIte solutions o
Bgl(g)))P b 1(;1)) Ddl(];) Bounded Real Lemma.
cl cl _ i

« Assume elements of p are

 Bounded Real Lemma established quadratic H, . —
boundedi.e.p; € [pi Pi

performance, T'.
Iyl < Tllull

 Positive definite P solutions establish asymptotic
stability with Lyapunov function, V.
V= x"Px
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LPV Control Design

* Wi outer @Nd Wy jpper are low-
pass filters, with cutoff
frequencies:

weo = .0045 Hz
we1 = 1.6Hz
o W inner 1S @ high-pass filter, with
cutoff frequency at highest PTI
frequency:
weo, = 1.6 Hz

* Wyreriiter 1S @ low-pass filter, with
high cutoff frequency.

— Removes parameter dependency on
outer loop, B matrix.

Weprefitter = 0.0 Hz
12/15/2023 28



LPV Implementation

Quter Loop:

8 Xemd
= z Wr o (p) AK,r,oxK,o + BK,r,o chd
r=1 Xemd

Aemd
,chd
Xcemd

|

¢cmd 8
W2 emd| = z Wr o (p) CK,r,oxK,o + DK,r,o

_ 45°
¢cmd,sat - Sat_45°¢cmd
Ocma = Qema
W1,cma = 0
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Inner Loop:
e ¢cmd,sat
xk,l z Wy l(p) AKr iXK,i + BKrL W2,cmd
r=1 wS cmd
¢cmd sat .
Mucmd zwrl(p) CKT'lxKl+DKT'l wZCmd - M
r=1 w3 cmd

M is the estimated aerodynamic moment from the
real-time modeling procedure.
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LPV Control Design

Quter Loop: Inner Loop:

x =A(p)x+ B;(p)r + Bye x=A(p)x+ B;(p)r + B,M

z= C(p) + Di;(p)r + Dyye z= C(p) + Di1(p)r + DM

y = Cx + Dyiv + Dye y = Cx+ Dyir + Dy M

r= |tcma Bema Xemadl r= [Pcma W2ema  W3,cmdl
T

X = [ xlo prefllter] X = [xg X1,i X2 l]

z= 1outer Z = [Z{,inner ngner]

* Inner and Outer Loop Controllers are built using HINFGS MATLAB command
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LPV Model Derivation

Inner Loop LPV Model:
Trim and linearize about w = [0 0 0]7

0 0 0
0 0 O
o 0 0 1 singtand cos ¢ tan O 1
o] 1o 0 0  coso —sing |[¢] |1. ©
6{=10 0 0 0 0 CARE 1 M
o 0 0 O 0 0 w 0O — 0
- ]yy
0 0 0 0 0o )
YL

Elements of the parameter vector are variables with remain in linearized system:
pi=[¢ 6]



LPV Model Derivation

Quter Loop LPV Model:
Trim and linearize about w = [w1 w; w3]T

- _—g(cosqbtanqb +sing sec’¢p) 1 0 |
a a V g 0
B — 03><3 :B + —COS¢ 0 —1 [Cl)z]
- V
_X_ X g (1)3
Vsecqu 0 0

Elements of the parameter vector are variables with remain in linearized system:
Po = [ V]T
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Simulation Results

L PV Control Surface Deflections: NDI Control Surface Deflections:
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Time Domain Similarity Analysis

» Root-Mean-Squared error in time domain
« Used a similarity measure

UCMD

UTOT

:@ >

UP TI
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RMSE LPV (deg) NDI (deg)
Left Flap 1.2451 1.8380
Right Flap 1.2052 1.5486
Left Aileron 1.6570 6.7097
Right Aileron | 1.8307 6.6201
Elevator 5.0890 7.3421
Rudder 6.8781 4.5589
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