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L1 Adaptive Controller for Tailless Unstable Aircraft

Vijay V. Patel, Chengyu Cao, Naira Hovakimyan, Kevin A. Wise and Eugene Lavretsky

Abstract— The advantages of £, adaptive control architec-
ture, such as improved transient and asymptotic tracking,
guaranteed time-delay margin achieved via smooth control
input, have been previously established. In this paper, the £;
adaptive controller is designed for a multi-input multi-output
open loop unstable unmanned military aircraft. The control
is designed to accommodate and to be robust to actuator
failures, as well as to pitch break uncertainty that is used to
model uncertain aerodynamics. Results of using the £, adaptive
controller are compared with the conventional model reference
adaptive control scheme to show improved transient command
tracking and time-delay margin.

I. INTRODUCTION

Since the early 1990’s, the Air Force, Navy, and NASA
working with industry and academia have made significant
progress towards maturing adaptive control theory for appli-
cation to reconfigurable/damage adaptive flight control for
aircraft and weapon systems [1]-[13]. Reconfigurable flight
control refers to the ability of a flight control system to adapt
to unknown failures, damage, and uncertain aerodynamics.
Flight control systems that are reconfigurable and damage
adaptive constitute an important element in the design of mis-
sion effective unmanned combat systems. Moreover, these
architectures play an important role in increasing the relia-
bility of unmanned systems. Both indirect and direct adaptive
control methods have been investigated, and several different
approaches have been successfully flown on manned aircraft
[1]-[4], unmanned aircraft [5], [6], and also on advanced
weapon systems [10]-[12].

The Self Designing Controller [1] program successfully
flight tested an indirect adaptive scheme on the VISTA/F-16
aircraft which used least squares system identification, with
spatial and temporal constraints, to estimate the stability and
control derivatives required for the solution of a receding
horizon optimal control problem. NASA [2] has also tested
both an indirect and direct adaptive method on an F-15
aircraft. The indirect method used neural network based
system identification algorithms to estimate aircraft plant
matrices and sent these to an online Riccati equation solver.
Kim and Calise [4] presented an approach based on neural
networks for a feedback linearizing control architecture and
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demonstrated the approach via simulation studies with an
F/A-18 aircraft. This approach was later modified and used in
the Reconfigurable Control for Tailless Fighters (RESTORE)
program [4]-[6], using a dynamic inversion control law in an
explicit model following framework. The successful applica-
tion of this technology under the RESTORE program [6] led
to the flight testing of the approach on the Boeing/NASA
X-36 Agility Research Test Aircraft. NASA has also been
flight testing a similar approach on their F-15 aircraft. This
same approach also has been applied and flown on the
Joint Direct Attack Munition (JDAM) [10], [12]-[14], in
which the LQR based flight control system was replaced
with a dynamic inversion based scheme augmented with
a neural-network based model reference adaptive control.
A historical overview of research on reconfigurable flight
control is available in [15].

In [16], Lavretsky and Wise applied model reference
adaptive control (MRAC) to a model of the aerodynamically
unstable X-45A UCAV. Although successful, implementation
of the adaptive control proved to be sensitive to the size of
the learning rate, requiring numerical simulations to validate
robustness to time-delays. Other open problems regarding
the application of MRAC control to aircraft have been
documented in [17].

This paper presents application of £; adaptive control
from [18], [19], [22] to the unmanned military aircraft
model from [16]. In [16], the adaptive control architecture
includes a baseline inner loop control which is augmented
by an online feedforward neural network. The baseline inner
loop control provides nominal system performance, while
the adaptive increment accommodates unknown/unexpected
control failures and model uncertainties. The approach in
this paper extends the results of [16] to a new class of
adaptive controllers, known as £; adaptive controllers. The
benefit of £; adaptive controller is its ability of fast and
robust adaptation that leads to desired transient performance
for system’s both signals, input and output, simultaneously.
Moreover, for open-loop systems linearly depending upon
unknown parameters, the (nonlinear) £, adaptive controller
has analytically computable stability margins [21]. In the
case of open-loop nonlinear systems, as the one considered
in this paper, the margins are computed numerically based on
simulations. However, the insights are based on the results
of [21], which relate the time-delay margin to the underlying
filter of £, adaptive controller.

The paper is organized as follows. Section II gives the
problem formulation. In Section III, the novel £; adaptive
control architecture is presented. Stability and uniform tran-
sient tracking bounds of £, adaptive controller are presented
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in Section III-A. In section IV, simulation results are pre-
sented, while Section V concludes the paper.

II. PROBLEM FORMULATION

Following [16], we present aircraft dynamics as
&(t) = Ax(t) + BiA (0(t) + Ko(zp(t))) + Bau(t), (1)

where z(t) € R?,6(t) € R? (virtual control input), u(t) €
R* are the measured system states, control signals and
reference inputs, respectively, A € R%*?, By € R%%3,
Bs € R%** are known matrices, A is unknown constant
positive diagonal matrix of appropriate dimension. The state
vector * = (a, 3,p,q,7,q1,P1,71,7w)  comprises five of
plant states (x,), which include angle of attack «, angle
of sideslip 3, body roll rate p, body pitch rate ¢, body
yaw rate r and four baseline controller (z.) states, which
include pitch integrator q;, roll integrator p;, yaw integra-
tor r7, and yaw rate washout filter signal r,,. The vector
u = (agmd, gemd pemd pemd) T congists of four inner loop
commands i.e., vertical acceleration aimd, sideslip B4 roll
rate pcmd and yaw rate remd and § is a vector of virtual
controls (roll, pitch and yaw control).

Note that the vector-function K¢ (z,) represents matched
unknown nonlinear effects. In addition to unknown Ky (),
A models actuator failures and loss of control effectiveness.
The inner-loop control objective is to design a full state-
feedback controller §(¢) for (1) such that all closed-loop
signals remain bounded and the system state tracks the state
of a desired reference model.

III. £1; ADAPTIVE CONTROLLER
Consider the following control law

6(t) = 6L (t) + 6ad(t)’ (2)

where dr,(t) is the component of the baseline linear
controller, and J,4(t) is the adaptive increment. Feed-
back/feedforward gains for the baseline (nominal) inner-
loop controller are designed in [16] assuming no modeling
uncertainties, (i.e., A = I3 and Ky(x,) = 03x1) using the
robust servomechanism LQR method with output projection
( [23], [24] and [25]). The corresponding inner-loop control
system takes the form:

Su(t) = K, o(t) + K, u(t), 3)

where K, and K, denote the (9 x 3) and (4 x 3) - nominal
feedback and feedforward gain matrices, correspondingly.
Nominal inner loop feedback when applied to the ideal model
(1) (i.e. without uncertainties), leads to

which characterize the desired transient and steady state
response for a given reference input u(t):

i (t) = Amam (t) + Brul(t). (5)

We note that the choice of K, and K, has to render
A,, Hurwitz and and provide unity DC gains from the
commanded signals to the corresponding system outputs.
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Using the stabilizing gains for the inner-loop, the system
in (1) takes the form:

z(t) = (A+ B1AK§)$(L‘) + B1A(8aq + Ko(zp))
+(By + BiIAKD)u(t).  (6)
From (4) and (6), we have

i(t) = Ama(t) + Buu(t) + B (8u(t) +
K (w(t), u(t))) ™
where
Ki(z(t),0(t)) = Ko(zy(t)) +0"z(t) +o(t),
07 = AN I-ANK], (8)
ot) = —ANI—-ANK]u(t).

We note that, given a compact set D, the nonlinearity /()
can be approximated using a feedforward neural network
(NN):

Ko(zp) = W 0(zp) + €(ap) ©)

where W € RNo*3 is a matrix of unknown parameters that
belongs to a known (conservative) compact set W € W,
®(z,) is a vector of suitably chosen RBFs, ||e(z,)|| < € is
the uniformly bounded approximation error on D. We further
assume that

e,

where © is a known compact set, A, da are known con-
servative bounds. Next, we introduce the elements of the £;
neural adaptive controller.

State Predictor Model:

#(t) = Ama(t)+ Bmult) + B (6ad(t) AT ()

le@® <A, o)l <da, Yt=0, (10)

FWT (O, (1) + (1)) (1)
in which 6(t), W (t), 6(t) are the adaptive parameters.
Adaptive Laws:
W(t) = Proj(W(t),—®(a,(t))&" (t)PBiTw),
0(t) = Proj(d(t),—x(t)3 " (t)PBiTy),
5(t) = Proj(6(t), -To(&" (t)PB1) "), (12)
in which Z(t) = #(t) — z(t) is the tracking error between

the system dynamics in (1) and the state predictor in (11),
T'w =Ty =T, = I'.I3x3 are the matrices of adaptations
gains, and P = PT > 0 is the solution of the algebraic
Lyapunov equation A P + PA,, = —Q, Q > 0, while
Proj(-, ) denotes the projection operator [26].

Control Law: The adaptive control signal is defined as
the output of a stable filter:

dad(s) = C(s)7(s),

where 7(s) is the Laplace transformation of 7(t) =
~WT(#)®(zp(t) — 0T (t)x(t) — 6(t), and

(13)

C(s) = 0 Cy(s) 0 (14)
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with Cy(s), Ca(s) and Cs(s) being strictly proper stable
systems with unit low-pass gain: C1(0) = C2(0) = C5(0) =
1. A simple choice is to select

Wq
s+wy

Ci(s) = Ca(s) = Cs(s) = (15)
where w, indicates the bandwidth of the filter. Let L be a
conservative bound for the Lipchitz constant of the uncer-

tainty Ko(zp) in (9) on the compact set D, i.e. there exist
L and Lg such that

[Ko(0)] < Lo,
[Ko(zp1) — Ko(zp2)leo < Lllapt — 2p2flec - (16)
L;-gain requirement: Design C(s) to satisfy
1G6)e < =gy a7)
Ly (L—|— Ll) )
where

Li = max]|']lc, ,
G(s) = (sI—Ap) 'Bi(C(s)—1). (18)
Let Winax = max 4|W|? + max 40|, G(s) = (s —

Wew 6co

Ap) " B, Hy(s) = (sI — A,,) "' By. The compact set D
of the RBF distribution is defined as

D={z||z]lcc <¥r +71+} (19)
where
_1G® gy lullg o NG () N2y (Lote* +A)+HI Ho(s) 2y *
" TGy THE1) (20)
Amax(P) (2IPBy|l ( 4w, d 2 max
70:\/%?,15}»?(%“(5) (e+18)) o 2D
:55*||G(5>“£1‘H‘HO(S)”LI5*+(1+Hc(s)—1||51)'y0 (22)

mn =Gz (E+L1)
The L£; adaptive controller is defined via (11), (12), (13)
subject to (17), with the RBF distribution set given in (19).
A. Performance Analysis of the L1 Adaptive Controller

Consider the following closed-loop reference system:
breg(t) = Amreg(t) + Buu(t) + Bid (8,05 (1)
Ko (e (1) + 0T a(t) +0(),  (23)

where
Oref(s) = —=C(8)rres(s)

and .7 (t) = Ko(zp(t))+0" 2(t)+0(t). For a diagonal and
positive definite A, we define &, (t) = A~ 18,q(t), Win(t) =
WA, 0,(t) = OA, 6 (t) = A16(0) , Ty =
A_lrw,rgm = A_1F.9 Lom = A‘ll‘g.

(24)
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Hence, the £, adaptive controller in (11), (12), (13) can
be rewritten as:

Ft) = And(t) + Buult) + BlA(ém(t) 0T (D) (t)

FIWT (#)® (1)) + &m(t)> , (25)

Wn(t) = Proj(W(t), —®(z,(t)z " (t)PBiTwm),
O(t) = Proj(m(t), —z(t)z" (t)PB1lom),

Gm(t) = Proj(m(t), —To(E" ()PB1)"), (26)
Om(8) C(8)Tm(s), 27

where 7,,(s) is the Laplace transformation of 7,,(t) =
—W () ®(, (1)) — 0, (1) (1) = G (D).

Theorem 1: [19], [22] Given the reference system in (23)
and the system in (1) with £ adaptive controller, defined via
(11), (12), (13) subject to (17), we have:

||33ref|| < Y (28)
|z — xretllce. < M, (29)
||5m - 57‘8]‘”[100 < Y2, (30)
where
el Ho(s)) 0 0 !
v2 = ||C(s) 0 COTQHO:),(S)) 0
0 0 c;Hog(s))
:
o, Yo + 1C(8)ll ey (L + Li)yi + 3 C(s)]l 2, €
Co, £

in which ¢,, € R? is a vector that renders ¢, H,,(s)
minimum phase with relative degree 1, H,, (s) being the i‘"
column of H,(s).

It follows from and (20), (21), (22) and (31) that

lim Yo =0, lim

e*—0,I'c— o0 e*—0,I'c— o0

Y1 = 0, lim

e*—0,I'c— o0

72 =0.

Hence, if the the approximation error of the RBF network
is small enough, we can arbitrarily minimize the bounds
between the signals of the closed-loop £; adaptive system
and the closed-loop reference system. Thus the problem is
reduced to design of C(s) to ensure that the closed-loop
reference system in (23) approximates the response in (5).
We note that the control law J,.¢(t) in the closed-loop
reference system, which is used in the analysis of L., norm
bounds, is not implementable since its definition involves the
unknown parameters. Theorem 1 ensures that the £, adaptive
controller approximates d,.s(¢) both in transient and steady
state. So, it is important to understand how these bounds
can be used for ensuring uniform transient response with
desired specifications. We notice that the following ideal
control signal d;4eqi(t) = —7res(t) is the one that cancels
the uncertainties exactly leading to (5). In the closed-loop
reference system (23), 0;4eq(t) is further low-pass filtered
by C(s) to have guaranteed low-frequency range. In [19],
specific design guidelines are provided for selection of C(s)
to ensure that the reference system in (23) tracks the response
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of the desired system in (5). One way to achieve this is via
the selection of a strictly proper system C'(s) that minimizes
the £1-gain of one of the cascaded system C(s)(1 — C(s)).
We also notice that for any finite L the condition in (17) can
always be satisfied by increasing the bandwidth of C(s).
Remark 1: Notice that if we set C(s) = 1, then the £,
neural controller degenerates into a MRAC type. In that case
HCZ(S)WHLI cannot be finite for any ¢ = 1, 2, 3, since

H,,(s) is strictly proper. Therefore, from (31) it follows that
9 — 00, and hence for the control signal in conventional
MRAC type neural network adaptive controller one can not
reduce the bound in (30) by increasing the adaptive gain.

Remark 2: Recall that in conventional MRAC scheme
the ultimate bound is given by 7y defined in (21). Notice
that vy depends upon €*, Wy and I'.. While €* and
Whax are interconnected via the choice of RBFs, I'. is a
design parameter of the adaptive process that can be used to
reduce the ultimate bound. However, increasing I'. in the
conventional MRAC scheme leads the control signal into
high-frequency oscillations. With the £; adaptive control
architecture the ultimate bound of the tracking error is given
by 71 in (29). From the definition of it in (22) it follows
that 73 > ~o. Nevertheless, the ability of the £ control
architecture to tolerate large adaptive gain implies that g
can be reduced leading to overall a smaller value for ;.
This is enabled via the low-pass system C(s) in the feedback
path that filters out the high-frequencies in 7(t) excited
by large I'.. The £; adaptive control architecture gives a
scheme for fast adaptation without generating high-frequency
oscillations in the control signal.

IV. SIMULATION RESULTS

This section compares the tracking performance in the
presence of pitch break and actuator failure with two adaptive
control schemes: Model reference adaptive control (MRAC),
which corresponds to C(s) = 1, and £; adaptive controller.
For MRAC, we reproduce the results of [16]. For the £
adaptive controller we set w, = 20, which verifies the
L1 gain stability condition, and we set I'. = 50000. The
performance of £, controller is compared to the performance
of the baseline inner-loop controller and to the performance
of MRAC. The results are shown in Figures 1 and 2. For
comparison purposes, simulation data are obtained from
the following three closed-inner-loop systems: a) adaptation
OFF, failures OFF (blue), b) adaptation OFF, failures ON
(red), c) MRAC adaptation ON, failures ON (black), and d)
L1 adaptation ON, failures ON (Magenta).

Figures 1-2 demonstrate the benefits of adaptation, when
the right outboard (ROB) elevon fails at 1 second of the
maneuver and the pitch break phenomenon is active through-
out the entire maneuver. Figure 1 indicates that in spite
of the unknown control failure and pitch break uncertainty,
both MRAC and £; adaptive systems are able to quickly
reconfigure and track the commanded vertical acceleration,
sideslip angle, roll rate, and yaw rate signals, simultane-
ously. In fact, Figure 1 shows that with adaptation the
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desired/nominal system tracking has recovered. In addition,
Figure 2 compares the three virtual control feedback signals,
and we have verified that no control saturation has occurred
during the adaptation process. In Figure 3, the subplot of
Figure 1 is re-plotted to show the perfect tracking achieved
by £, as compared to MRAC for vertical acceleration.

Case 2: ROBE levon fail @ 1 sec,P itch Break O N

A,

Beta, deg

Ps, degl

Rs, deg/sec
8 $

5
&
g

Fig. 1. Inner-Loop Adaptation with ROB Elevon Failure and Pitch Break
Phenomenon: Command Tracking

Case 2: ROBE levon fail @ 1 sec, P itch Break O N
—NoF ailure|— T T T T T

T
—— Failure
——MRAC
—t,

2¢/5eBdot CMD, degsecisec
s
IS
a

Qdot CMD, deglsects

ci

t CMD, degisecisec o,

dot

0 5 10 15 20 25 30 35 ) 45 50
Time, sec

Fig. 2. Inner-Loop Adaptation with ROB Elevon Failure and Pitch Break
Phenomenon: Virtual Controls

Case 2: ROBE levon fail @ 1 sec, P itch Break O N

Fig. 3. Guaranteed £ performance

Figure 4 demonstrates the benefits of adaptation when
the inner-loop system receives repetitive vertical acceleration
commands in the presence of both the ROB elevon failure
and the unknown pitch break phenomenon. In [16], it has
been argued that MRAC quickly dampens the oscillations
caused by uncertainties and significantly reduces the corre-
sponding control activity if repetitive commands are given
to the system. However from the zoomed Figure 4 it can be
seen that the repetitive command is not necessary for the £
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architecture, since it has guaranteed transient performance as
predicted by the theory. In Figure 4, MRAC response is also
plotted. For MRAC, we can see that there is small reduction
in overshoot in vertical acceleration in the second pulse (20
sec time instance) as compared to the first pulse command
signal (1 sec time instance).

Case 3: ROBE levon fail @ 0 sec, P itch Break O N, (Az command only)

Fig. 4. L1 does not need repetitive commands to learn

The time-delay margin for the adaptive systems is calcu-
lated from numerical simulations by introducing the time-
delay at the plant input. The time-delay margins for MRAC
are summarized in Table 2. The worst case time-delay margin
is 0.12 sec (the adaptive gain used in [16] for MRAC scheme
is 100).

P q r

0.16 0.16 0 Two Loops
0 0.13 0.13 Two Loops
0.17 0 0.17 Two Loops
0.12 0.12 0.12 Three loops

Table 2. Time-delay margin for MRAC

The time-delay margins for £, adaptive scheme are sum-
marized in Table 3 for the choice of C(s) = m and
T'. = 50000. The worst case time-delay margin is 0.0425 sec,
which is smaller than the worst margin of MRAC scheme,
as expected due to the addition of the filter. Now we discuss
how to improve this time-delay margin via the design of

C(s) using the analysis from [21].

p q r

0.0432 | 0.0432 | O Two Loops
0 0.0455 | 0.0455 | Two Loops
0.05325| 0 0.05325| Two Loops
0.0425 | 0.0425 | 0.0425 | Three loops

Table 3. Time-delay margin for £; for C(s) = m

The time-delay margin for the £, adaptive scheme for
systems linearly dependent upon unknown parameters (i.e.,
in the absence of nonlinearities and RBFs), can be computed
analytically as I'. — oo [21]. In [21], C(s)/(1 — C(s))
appears as a multiplier in the open-loop transfer function
used for calculation of the time-delay margin for the £;
adaptive scheme. It is obvious that one could choose C(s)
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judiciously to maximize the phase margin of the open-loop
transfer function and minimize the cross-over frequency to
obtain larger time-delay margin. Towards that end, cogsider
the following low-pass filter Cy(s) = m%, for
which the £; gain requirement holds.

The Bode plots of C(s) and Cj(s) are given in Figure 5.
Note that a nonminimum phase filter is used to enhance the
phase characteristic in the region of frequency-band in order
to improve the phase margin.

Bode Diagram

Magnitude (dB)

wh @ N

C(s)=1/(0.055+1)
C,(s)=C(s)"(Bs+1) */(Bs+1)* |

N
N
S

=
3

Phase (dpg
°
8

©
S

10° 10°
Frequency (radsec)

Fig. 5. Choice of C(s) for maximizing the time-delay margin

The subplot of vertical acceleration of Figure 1 is repeated
with C (s) in Figure 6. We see that there is some degradation
in the tracking, however it is still better than for MRAC.
For this choice of C;(s), the worst case time-delay margin
obtained from simulation is 0.10 sec. In Table 2, we have the
worst case time-delay margin for C'(s) equal to 0.0425sec,
which implies that C4(s) doubles the time-delay margin.
Thus, improving the time-delay margin hurts the transient
performance, which is consistent with the theoretical results
of [19]. The worst case time-delay margin for MRAC is 0.12,
which is comparable to the worst-case margin of C(s) in
the presence of large adaptive gain I'. = 50000. We note
that all the time-delay margins are calculated for the ROB
actuator failure case and in the presence of the pitch break
uncertainty.

Case 2: ROBE levon fail @ 1 sec,P itch Break O N

—C(s)=1/(0.05s+1)
——C,(s)=Cls)"(6s+1) “(8s+1)°

[ 10 20 30 40 50 60 70 80 90 100

Fig. 6. Inner-Loop Adaptation with ROB Elevon Failure and Pitch Break
Phenomenon: Command Tracking

However, we note that a smaller value of I'.. is preferable
from an implementation point of view. Figure 11 shows the
system response for different values of I'. for both low-pass
filters. It can be seen that there is almost no degradation
in the time response performance. However, for the low-

pass filter C(s) = g5y, if we decrease I'. from 50000
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to 5000, the worst case time-delay margin decreases from
0.0425 to 0.003 (i.e. almost 14 times, much poorer than
MRAC). However, for C(s) it decreases from 0.10 to 0.07
(i.e only 1.4 times). Thus, with smaller choice of T, C1(s)
is much suitable in terms of robustness as compared to C(s).
Table 4 summarizes the margins for C(s) with I, = 5000.

p q r

0.09 | 009 |0 Two Loops
0 0.09 | 0.09 | Two Loops
012 |0 0.12 | Two Loops
0.07 | 0.07 | 0.07 | Three loops

Table 4. Time-delay margin of £; for C;(s) ( I'. = 5000)

Case 2: ROBE levon fail @ 1 sec, P itch Break O N

P

C(s). G = 5000
C(s), G = 50000
C,(s), G = 5000

Az fiseclsec

C,(5), G = 50000

0 6 70 80 9% 100
Time (sec)

Fig. 7. Inner-Loop Adaptation with ROB Elevon Failure and Pitch Break
Phenomenon: Command Tracking (for different values of I'.)

Finally, we simulate the system with two actuator failures
to test robustness of the two adaptive control schemes
towards a different class of uncertainty. Figure 8 plots the
vertical acceleration command tracking in the presence of
pitch break uncertainty and ROB and LMB elevon failures.
We see that despite of the reasonably good time-delay
margins in Table 2, MRAC loses stability, while the £;
adaptive control architecture retains both its tracking property
and as well the worst time-delay margin of 0.07, as predicted
by the £; theory.

ROB &L MBE levon F ailure, P itch Break O n (Az command only)

——NoF ailure
——ROB and L MB F ailufe
——MRAC

——L, witic (s)

Az, fiiseclsec

Time (sec)

Fig. 8. MRAC loses stability in the presence of two actuator failures, while
L1 proves guaranteed tracking

V. CONCLUSION

This paper presents application of a novel £; adaptive
control architecture to an unstable tailless military aircraft.
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The robustness properties of the new architecture are com-
pared with the conventional MRAC architecture, which show
that the £; adaptive controller can be designed to improve
the transient command tracking and increase the robustness
to time-delay.
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