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Objective Objective
+ |ntroduces notion of constraint-based adaptive control that combines adaptive control with optimal control to achieve constrained error + Develops stability analysis for time-delay adaptive system and analytical tool to compute time delay margin (TDM) based on Bounded
minimization. Linear Stability Analysis
« Develops robust optimal control modification adaptive law that enforces linear quadratic constraints.
_ Technical Challenges
Technical Challenges « Currently no analvytical tool exists to provide non-conservative and practical TDM estimate.
+ Persistent excitation (PE) can adversely affect robustness of adaptive control due to high-frequency input signals. _
« Nonlinear input-output mapping of adaptive control can result in unpredictable performance. Technical Appraach
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Lyapunov stability proof shows that the adaptive law is stable éE(t)=-P1 [( ;; ) Q — ( " ) S] e(t) — BO* (1) ¥ = Ti " (@ (NP (x(T))dr) >0 R - ‘ Giaq (1) =2 —yB ' Pe () + ©' (1) ® (¢ (1))
and tracking error is UUB. 4 , O SE o
+  Modification term proportional to persistent excitation (PE) to « Adaptive law can be designed to guarantee stability for : | : :

counteract adverse effects of PE given bound on ©* using projection operator such that \}l € foti +T0) 2= Uy dy00iym o % G b:e mew.ed AEntegral procuet

{ ey 1 o i } of adaptive gain and PE value
Example A, =P ! [( ; ) ) ( ; ) 5] + BO* i Hurwitz « Locally LTI approximation of tracking error dynamics
L L

if - + 2u— 0.1y 1 15t order plant with 2"%-order and satisfies linear stability margin requirem ents everywhere [ E(t) ] — i [ é(t) ] = B [ é(t — ta) ] 3. [ dy () + do (8 — te) + ds ]

v+ 100y + 100y = 7z unmodeled dynamics and input inside projection bound === certifiable adaptive control é (%) e (t) et —tq) 0

r=1+0.1sm10¢ _ at the same frequency as that \( Note: e-modification or sigma-modification results in /

(u=—05c+ 71— wex — wer of unmodeled dynamics @inear error dynamics even for linear uncertainty J/’ o [ A+BO*T®, 0 ] o o [ A-A,+BOJd, “BB'P ]
s 5 I 0 § = 0 0
0.2, : grld O - : - 0 r=0.1{1+0.15in10)
o|— ) ", 0.005| r=0.1(1+0.15in108) . 0.005 r=0.5(1+0.15in10) - «  TDM estimation by matrix measure approach - system is locally stable if time delay is less than TDM
W, 0— il o ) o 'a =

0.2} r=05{1+0.1sin10t) ) T A ) ' ] "

s | - z 5| optmel Gonfrol Mocifieation x -0.015 x -0.015 FHodfeter SRR f Matrix Measure Properties \

04} - Optimal Control Modification o v

Standard MRAC ~ " Dder ] ‘D'DE'I ' l _1 M (Gg) + I (.?Di) i B | S g ||I —+ EOH — 1
EE 9 I’ f R " AAARAA AN -0.0325 r=1+0.1sin10t -0.025 "'-ImnmHu‘rl-lumunr;Lﬂﬂﬂlﬁmmmnumunmmmm ._ tdi :::: L'L-:'g', BER ||DE- || | Ju (O) o l]:l“:_:lﬂ%ﬂ }15 2 = 1-]—% £
e oy 051 S %% w e e w0 @ 4w @ . | i p(C) <ReN (G) < E(C)  ImA(C) < E(-50)
L sec - t, sec g X 55-"“ xam E S
Robustness to Unmodeled Dynamics Asymptotic Input-Output Linear Mapping | P e ' B
= = . - /;i::ﬂ:—l—ﬂ—'—ﬂkﬂz' B 034 | |” 'i ' |]|| | i ] JM(G)‘:—:”G”
Pilot-in-the-Loop GTM Simulations A ';||- A
| - LU AL UL ] : : =
Pilot-in-the-Loop Advanced Concept Flight Simulator Em = —Tm + s " “-32.1411?#{}515=i|‘g_i-;|’l!=|-'5j;~;'i=I?i;gl||'|n;-r:|f‘,ij1:__:glgi--i!ru: Given & (t)= Axz(t)— BKa(t —tg), AM(A— BK)e C
o Vi L . Commanded, Reference Model, and System Response 10K ﬂ:, 250 Kn |AS e . _ j—.-. i II ¥ !|| :l' [ ] i || ] | :l4 i 'I|. “ i\ rl ] | | - —

= ET T T 1 Ial 4 n | A =0, B scaled St il g lm;.; System is stable f ta < —cos™ £ ) ;i;{(jBK)
T T SN U ;.,;rﬁ,.‘_s\,,,_;_ | Doublet to capture flight 20| i . |BK]|
5 | g | directortask : ———— e i w <f(-i4)+ | BK]|
& .20 I I L R | S S T / B sl e ] 265 . e o Tt
R L / Summary % il BB S SINSER | e System is stable independent of time delay if |
g 9 j - ! : : ! : : 4
g ] . . o : 5% . o B
5 ¥ O RPN A % Y P T E Sptima Lontrol Mlc?dlflcat.mn Ean pl‘D‘*ﬂE.iE il P . TDM estimate agrees well with K r(4) < |BK| < H (A4) /
§ Ofr——t lm1,;»;Tﬂfﬁl---;«'m’---'-wmf-------*gfuﬁf-------’-f-,:~f*+h——;-----------. stable fast adaptation to improve tracking S Siilation vesulta
£ 5 v o 1T e E « Asymptotic linearity with fast adaptation i A . "
&% 10 20 30 40 50 60 70 80 80 can guarantee linear stability for linear 24 - -
L structured uncertainty o Summary I
g, ? ' 5 £ o i | — Com . SRR R : - c 05 0 05 1
T ST SN SR B TTOU ﬁg i P#Dt tm thE-IDDF;: ts}:mulattl:nj REmansuAte ., + New analytical method provides non-conservative TDM estimate
f; ?w‘ ' "‘xh_ Slizilinciioes Rl silio B _#j -+ Method can easily be extended to sigma-modification and optimal control modification )
=86 26 %0 46 80 8 70 8 90 '

Time (sec)

WWW.nasa.gov NASA Aviation Safety Technical Conference, MclLean, VA, Nov 17-19, 2009 Integrated Resilient Aircraft Control Project



