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High Altitude Long Endurance (HALE) platforms

= Aerial platforms capable of stratospheric flight for a long period.

= Topic: high fidelity modelling procedures for fixed wing platforms.
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Motivation

= Why high fidelity models?
- Reduce or avoid in-flight tuning of controller gains.

- Model based control for landing on mobile platform.
- Simulation of stratospheric mission.

= Platforms — Elektra 1 and Pengum BE UAV.

i Approach local and global system identification.
i <0 . Autonomous Systems Lab # German Jongseok Lee | 19.10.2022 | 3
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Motivation

= Local system identification.

Experiment
(flight data)

Model

= Global system identification.

Available
flight data

v

identification

\ 4

Data fusion

Aerodynamic
database

Model
validation

n
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Overview

= Motivation.

= Aircraft system identification problem.

= Local system identification - two step method.
= Global system identification - incremental model update.
= Conclusion.
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Aircraft system identification problem

System S

Given input u and outputy find system S

mV + w X mV = Foero + Feprust + Fgravity
Ilow + w X Ilw = Maero +Mthrust

»
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Aircraft system identification problem

Applying multidimensional taylor series expansion:

Fyaero = FXo + Fxyu + Fx,,w + Fx,q + Fxgy.de

AN

F,aero = FZo + Fzyu + Fz,w + Fz,q + Fz4.de

P

S

yaero = Myp + My, u + My,,w + My,q + My,.de

= 15 parameters for longitudinal dynamics (linear model).

= Physical quantities related to stability and control.

= Linear Vs nonlinear aerodynamic model.

= Local — one value for parameters; Global - sets of values.
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Overview

= Motivation.

= Aircraft system identification problem.

= Local system identification - two step method.

= Global system identification - incremental model update.

= Conclusion.
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Local system identification - two step method

Approach: error =y — S(x,u, parameters)

Input u Aircraft Outputy
S(x,u,parameters)

Flight test data Parameters

Least squares

Reconstruction F M

= Linear projection of features.
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Local system identification - two step method

Procedures:
Model
Experiment > identification *| Model validation
(two step)

= Experiment: parameter identifiability.

= Reconstruction of path: IEKF estimation and smoothing.
= Parameter identification: linear regression.

= Model validation: statistics and controller synthesis.
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Local system identification - two step method

Input design and experimentation:

Model

i -—>] . e
Experiment identification

n

Model

| \alidation

= Parameter identifiability — contribution is visible.
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= 2 flights with Elektra 1 and 3 flights with Penguin BE.
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Local system identification - two step method

. Model Model
L —>
Experiment identification validation

Path reconstruction:
= Smoothened estimate of states, forces and moments.
= Estimation of instrumentation errors.

-1

Forward Kalman filter

A 4

3, (k). ¥(k+1)

A5F
Backward Kalman filter M ot T
X (K +1) » I _2 M‘ \/\\wf\,ffw

lWeighted linear combination -

‘N 251 \
O
x,g (K) al w
Smoothed estimate a5l
I | 1
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Samples [-]
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Local system identification - two step method

. Model Model
Experiment identification validation

Parameter identification:
= Optimization — linear regression.

= Global minimum may not give correct parameters.
- OLS Vs WLSVs NLS Vs CLS.
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Local system identification - two step method

Model Model

. > . = i e . .
Experiment identification validation

Model validation:
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Local system identification - two step method

Experiment Model [ Model
P | identification validation

Model validation:

) Training ~Validation
- - -
© 18 A~ e
€ o) Nosurad u (m/s) 0.8569 0.0133
I 80 100 Heee 120 w (m/s) 0.5576 0.2301
Ly | | ! g (rad/s) 0.8507 0.1985
€ 9f B ”Y\“’ = 6 (rad) 0.9061 0.1289
= 4t . . . ]
80 100 120 L
= TIC 0.25 - 0.3 sufficient
% 03Ff i ! ]
B 01 JL/\N [Jategoankar 2006].
O 01k | . ]

80 100 120 = Fulfills FAA standards

J\\/W of high fidelity model.
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Overview

= Motivation.
= Aircraft system identification problem.
= Local system identification - two step method.

= Global system identification - incremental model update.

= Conclusion.
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Global system identification — Incremental update

Approach 1: Current practice in the industry.
= Collection of data at all points of flight envelope.

Approach 2: Incremental Update

= Data fusion of aerodynamic database with flight test data.
- Aerodynamic database using windtunnel & CFD.

7 »U@d' — Vortex LatitSNstiion.

e S vy X LM): Potenti ith

¥ Paral Rigid body equations [T VLAVLM): Potentjal, flow with a
%)O‘FT of motion '
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Global system identification — Incremental update

Method: Scheme for global system identification.

Input Correction AFy, AFy, AM,,
—_—
model
Fx,corrr Fz,corr: My,corr
Inputuyy VLM Xac | Parameter
simulation F,.r, | 'dentification | Fyyim, Fryim
Maero My,VLM

= Aerodynamic model outside the region of the flight data.
= |Improvement in accuracy.
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Global system identification — Incremental update

Method: Correction model identification.

h, TAS Parameters | F, p, Fy p, My, 1p
» from flight
test data. AF,, AF,, AM,[ 1dentification
" of correction F—— _
model. Correction
Parameters model

A\ 4

from VLM.

Fx,VLMr FZ,VLM' My,VLM
= Correction model identification using available flight data.
= Separation of training and validation set via different trim.
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Global system identification — Incremental update

Scope: Preliminary study at low altitude for Elektra 1.

Altitude
o O

Mach number

= |dentification of correction model at two points
= Validation of correction model at two points @.
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Global system identification — Incremental update

Results: Preliminary study at low altitude for Elektra 1.
@ L

T T —— VLM  [CVLM
. RMSE  146.8  77.86
= 400 |t | |
- , e T NRMSE 0.148  0.0789
A ARY I 'h"'-' ' ¥
0 |' il |
-200 -
0 50 100 150 200 250 300 350 400 450
) _ tim?_(s) -
2000 VLM | CVLM
= o DN s bl Bl | RMSE 9329 2128
ol | | NRMSE 0.338  0.0777
-4000
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Conclusion

= Local system identification.
- Two step method implemented and validated.
- Systemidentification tool chain for 2 fixed wing platforms.
- High fidelity model according to FAA standards.

= Global system identification.
- Preliminary study on incremental model update scheme.

- Within low altitude low velocity region the method proved to work
with reduction of NRMSE by 0.5 and 0.2 for Fx and Fz respectively.
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Future work

= Local system identification.
- System identification for flexible aircraft (Elektra 2).

= Global system identification.
- Wider ranges of velocities.
- Wider ranges of altitude (Low Reynolds High Mach?).

= Fidelity definition for controller synthesis.
- Step response of the aircratt.
- Derivation of quantitative requirements?
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Questions?
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Back up slides
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Back up slides — Elektra 1
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Spectral energy density (J s/mz)

Back up slides — Elektra 1
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Back up slides — Elektra 1
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Back up slides — Elektra 1
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Table 2.5: R-squared, RMSE and NRMSE for forces

linear model.

40

60

80 100 120

and moments prediction of

Identification

Coef

RQ
RMSE
NRMSE

Cx
0.69
41.89
0.065

Cy
0.79
153.7
0.042

Validation

Coef

RQ
RMSE
NRMSE

Cx Cy; Cpn
0.65 077 029

49.15 1785 19.29
0.063 0.043 0.039
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Table 2.7: TIC and GOF values for forward simulation using identified linear model.
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Identification Validation

State u W q f State u W q i}
GOF 09037 0.5856 0.8959 0.9323 GOF 0.7156 0.5119 0.8765 0.8981

TIC 0.0094 0.2154 0.1660 0.0971 TIC 0.1872 0.2626 0.1753 0.1239
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Back up slides — Penguin BE
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Back up slides — Penguin BE
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Table 3.12: Averaged R-squared, RMSE and NRMSE for forces and moments pre-
diction of linear model.

Identification Validation

Coef C'x Cx Chn Coef C'x C'y Chn
< .» R? 0.868 0.616 0422 R? 0.848 0.665 0.1359
[ U . Autonomous Systems Lab RMSE 3.109 19.779 1.0899 RMSE 410 2063 1.239 Jongseok Lee | 19.10.2022 | 37
Y NRMSE 0.071  0.067 0.045 NRMSE 0.078 0.067 0.053
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Table 3.14: TIC and GOF wvalues for forward simulation with linear model.

Identification

Validation

State u W q
0.688 GOF 0.76 0.52 0.52
0.254 TIC 0.038 0.453 0.345
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Back up slides — Global
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Back up slides - Global
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Back up slides

Table 4.6: Case studies with various choice of training and validation set.
Case A Vi V2 V3 V4 ALL
RMSE F, | 81.671 90.608 73.837 37.251 70.841
RMSE F, | 2.273E2 | 2.262E2 | 2.057E2 | 2.045E2 2.151E2
Case B Vi V2 V3 V4 ALL
RMSE F. | 80.86 099,391 78,729 50,709 T7.422
RMSE F, | 1.697E2 | 2.262E2 | 2.236E2 | 2.4066E2 | 2.25TE2
Case C Vi V2 V3 V4 ALL
RMSE F. | 86.883 97.78 74.22 37.251 74.033
RMSE F, | 3.710E2 | 2.359E2 | 1.884E2 | 2.0456E2 | 2.329E2
Case D Vi V2 V3 V4 ALL
RMSE F, | 83.72 99.39 85.45 83.90 88.115
RMSE F, | 1.802E2 | 2.262E2 | 1.884E2 | 2.1704E2 | 2.112E2

AX, = 0.083.V,, +29.088

AXy = =3.790.Vy, + 246

AX, = —57.9- Vi, +462

AXy;, = —43.V,, + 248

AZ, = 44.V, —201.3

AZy = -=36.V, + 156

AZ, = —552-Vi, 17298

AZg = —139.V2217.82.V,,
< .’ #
- <0 . Autonomous Systems Lab German Jongseok Lee | 19.10.2022 | 44
[ DLR Aerospace Center



