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LPV Model-Based Multivariable Indirect Adaptive Control
of Damaged Asymmetric Aircraft

Jing Zhang'; Xieyu Xu?; Lingyu Yang®; and Xiaoke Yang*

Abstract: Owing to the complexity of aircraft structural damage, directly measuring the pattern and severity of damage using onboard
sensors is difficult. This paper proposes a linear parameter-varying (LPV) model-based online estimation and indirect adaptive control
scheme for aircraft with severe structural damage. Specifically, the unmeasurable damage parameters are designed as the gain scheduling
coefficients (GSCs) of the LPV model. By employing the proposed LPV model, the online computational load is significantly reduced
compared with that of typical existing methods. Furthermore, an online identification algorithm with a Lyapunov stability guarantee is
presented to estimate the GSCs, and an online-designed model reference controller that combines a state-feedback decoupling controller
and a disturbance rejection term is adopted to implement attitude control. The closed-loop system is simulated with the National Aeronautics
and Space Administration (NASA) generic transport model under a left wing tip damage scenario. The simulation results demonstrate that the
proposed method can estimate GSCs and the uncertainty of the aircraft rapidly and accurately, and the closed-loop system precisely achieves
the desired attitude responses. DOI: 10.1061/(ASCE)AS.1943-5525.0001089. © 2019 American Society of Civil Engineers.

Introduction

Modern aircraft, despite their advanced instrumentation and
various fault-tolerant designs, are still susceptible to unexpected
conditions, e.g., turbulence, wind gusts, structural fatigue, bird
strikes, and aging, which may cause damage to the aircraft’s struc-
ture (Bacon and Gregory 2007; Airplanes, Boeing Commercial
2016). Abrupt structural damage may lead to significant changes
in an aircraft’s aerodynamics, mass properties, symmetry, and so
forth, posing challenges for both handling quality and flight safety
(Kim et al. 2014; Wang et al. 2016; Pei et al. 2016). Although many
new sensing techniques focus on this problem (Di Sante 2015; Qiu
et al. 2016), directly measuring all the patterns and severities of the
damage patterns and the severities using onboard sensors remains
difficult. Indirect approaches, such as online identification and
adaptive control, which are based on changes in an the aircraft’s
dynamics, are gradually increasing in popularity.

Nguyen et al. (2008) proposed an artificial neural network
(ANN)-based hybrid adaptive control scheme to maintain the sta-
bility and command tracking performance of a damaged aircraft.
A pretrained ANN-based adaptive estimation block was used to
generate the dynamic inversion of damaged aircraft, and another
online learning ANN was designed as a compensator. Bao et al.
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(2011) used a radial basis function neural network to detect and
isolate wing structural damage. Chowdhary et al. (2013) adopted a
single-layer ANN to approximate the model error, which serves
as an adaptive pseudo-input for an existing dynamic inversion
controller. This method was successfully validated through exper-
imentation on a fixed-wing unmanned aerial system under actuator
failures and some severe structural damage scenarios. In addition
to indirect neural network adaptive control algorithms, direct
approaches have also received significant attention (Tao 2014).
Stepanyan et al. (2010) introduced a modified model reference
adaptive control method, in which roll rate, pitch rate, and sideslip
angle controllers were designed separately. Liu et al. (2010) and
Guo et al. (2011) treated aircraft as a multiple-input, multiple-output
(MIMO) system and proposed a multivariate model reference adap-
tive control (MMRAC) scheme. A state-feedback controller was
employed under a model matching condition. Linearization of the
nonlinear dynamics of damaged aircraft into a piecewise linear sys-
tem was also conducted and analyzed to facilitate controller
design. Guo and Tao (2012, 2015) and Guo et al. (2014) further
developed a discrete-time form of the MMRAC scheme and vali-
dated the development using the National Aeronautics and Space
Administration (NASA) generic transport model (GTM) with left
wing tip loss.

A significant problem when applying an adaptive control algo-
rithm to a MIMO system, such as a damaged aircraft, is the large
number of estimated parameters. The adaptive law needs to estimate
parameter matrices rather than a few scalar variables; for example, in
Nguyen et al. (2008), the indirect adaptive law estimates three ma-
trices online to compensate for model error, and in Guo et al. (2011,
2014) and Guo and Tao (2012), the parameters to be estimated con-
sist of a state feedback matrix, an input matrix, and a disturbance
compensation vector. The large number of parameters increases the
computational complexity and the difficulty in designing the adap-
tation gains. Meanwhile, prior knowledge can effectively reduce the
complexity of an adaptive controller, such as a pretrained ANN
(Nguyen et al. 2008; Chowdhary et al. 2013) and offline analysis,
where in wing-level flight conditions, signs of leading principal mi-
nors of the high-frequency gain matrix are known and invariant
under damage (Guo et al. 2011; Guo and Tao 2015).
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Thus, taking advantage of the a priori knowledge to reduce the
number of adaptive parameters is a key issue for multivariable
adaptive control. From this observation and inspired by the meth-
ods in Guo et al. (2011) and Guo and Tao (2012), this paper pro-
poses a LPV model-based multivariable indirect adaptive control
(LPVM-MIAC) scheme that includes three parts: offline LPV mod-
eling, online identification of gain scheduling coefficients (GSCs)
and the uncertainty term, and online design of the decoupling con-
troller. The main contributions of this paper are as follows. (1) To
address the large number of adaptive parameters that accompany
the MIMO system and various damage conditions of aircraft, a
moderate-size polytopic LPV modeling technique is developed for
aircraft in various damage conditions. This technique consists of
the a priori analysis of aircraft damage conditions and a model re-
duction approach, distributing some of the online computations to
the offline design process. This LPV model effectively reduces the
online-identified parameters to only a few GSCs and an uncertainty
term. (2) An LPVM-MIAC scheme is developed to solve the online
identification and controller design problem for the resulting LPV
model. In particular, an online constrained identification algorithm
for the GSCs and uncertainty of the LPV model is proposed. Note
that the difference between this method and the LPV model iden-
tification (Giani et al. 2012) or LPV observer-based fault control
approach (Zhang et al. 2016; Jia et al. 2014) is that the last two
assume that GSCs are measurable and are used to estimate the sys-
tem states or parameters. In contrast, the proposed method focuses
on the online GSC identification problem. The identified LPV
model then fits into a standard model reference controller, which
combines a state-feedback decoupling controller and a disturbance
rejection block for offset-free output tracking with desired closed-
loop dynamics.

The remainder of this paper is organized as follows. The second
section presents the LPV modeling of structurally damaged aircraft.
The third section discusses the identification of the GSCs and the
LPV model. Then the design of the model reference controller is
presented in detail. A case study on the NASA GTM with a left
wing tip loss scenario is performed in the fourth section, and the
simulation results are analyzed therein. The fifth section then sum-
marizes the method and proposes future research directions.

LPV Modeling of Structurally Damaged Aircraft

Piecewise Linear Models

The GTM developed by NASA Langley Research Center is used
for this study. It is a notional twin-engine transport-class aircraft that
can support simulations of various types of structural damage
scenarios. The modeling of the nonlinear dynamics of the GTM
was thoroughly studied by Bacon and Gregory (2007), Nguyen et al.
(2008), and Bailey et al. (2005), and it can be described by the fol-
lowing general nonlinear ordinary differential equation (ODE) form:

X =f(x.u.A) (1)

where x = [v, @, q,0, 3, p,r, ] € R" is the state vector. The ele-
ments in x represent airspeed (m/s), angle of attack (degrees), pitch
rate (degrees/s), pitch angle (degrees), sideslip angle (degrees),
roll rate (degrees/s), yaw rate (degrees/s), and roll angle (degrees),
respectively. # = [u,,u,,u,]T € R™ is the input vector, which in-
cludes the deflection (degrees) of the elevator, the aileron, and
the rudder. A parameter vector A € R” is used to represent the
severity of v types of damage, such as wing tip off, vertical tail
off, and left stabilizer off. In particular, A is unmeasurable and is
assumed to be in a known convex set, such as

© ASCE

04019095-2

Ae 2 N0 <N <li=1,..0} (2)

where \; represents the maximum damage severity of the ith dam-
age scenario covered by the model. Note that in some very serious
damage situations, the aircraft cannot be saved even if there is a per-
fect controller; thus, )\,«mx is used to exclude the unrecoverable dam-
age scenarios. In the present case, based on the offline analysis
results, A € Q; is set such that the aircraft can be trimmed within
the actuator constraints. Assume that the aircraft is operating in
the linear zone of the aerodynamics, i.e., in a small angle of attack;
then Eq. (1) can be linearized around an operating point (x, ),
leading to a perturbed representation

Ak =AA)Ax +B(A)Au +f,(2) + O (3)
where

Ax =x—x), Au=u-—u,

A(A) = Of (x,u, 1)/ 0x| B(A) = Of (x,u,4)/0ul

Xo.lp) > Xo.Uo)

The affine term f(1) = f(xo,ug,A) represents disturbances
caused by the damage and may not be 0. O denotes higher-order terms.

Note that A, B, and f, are functions of A, and an approximation
for Eq. (3) is to grid the parameter space €2;. Suppose that there are
v types of damage and that the jth € {1, ..., v} damage scenario
can be divided into k; levels based on severity; then one can com-
pute a local linear model at each grid point 4;, ;, . ; , where i; =
(1, ...,k;) is the grid index for the jth damage scenario. For con-
venience, this paper uses the notation # to represent the grid index
iy, Iy, ...,I, in the following derivation. Thus, a piecewise linear
model is given by

ki ky ky v
Ar=Y"%"... %" {ijq,.j(z)

=1 =1 i=1j=1

[A4Ax + ByAu + £, (4)

where [Ay, By, f, | is the linear time-invariant local model at each
grid point. The weighting function w;; (4):R” > R satisfies the
following relations:

Wi, (4) € 0.1}

kj
dwiA) =1 (j=1L....v ad i;=1....k) (5

ij=1

Polytopic LPV Models

There are two typical approaches to using Eq. (4) in damaged
aircraft flight control. The first is to treat the weighting functions
as unknown and use the idea of the multiple-model adaptive esti-
mation (MMAE) method (Lu et al. 2015; Jung et al. 2009). This
method uses a parallel bank of filters to provide multiple estimates,
and each filter corresponds to a possible damage condition, i.e., a
local model. The weighting functions w;; (4) are calculated by the
likelihood function of each filter. The accuracy of the estimation
then depends on the fineness of the grid. A significant computa-
tional load may be introduced when using a fine grid. The other
method is to treat all the local models as unknown in the adaptive
control law design process (Guo et al. 2011); then the parameters to
be determined or estimated depend on the size of [A4, By, fo,] €
R (+m+1) " \which could be very large in practice.

To address this problem of the piecewise model, the higher-
order singular value decomposition (HOSVD) method in Baranyi
2016)) and Sun et al. (2016) is used to reduce the number of local
models without losing much accuracy. Set
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S¢ = [As. By, fo,] (6)

and stack all the Sy to create a model tensor S €
R¥ixkox . xkyxnx(ntm+1). then Eq. (4) can be rewritten in tensor
product (TP) form (Baranyi 2016) as

Ax
Ak = SR, Q; | Au (7)
1

where the column vector Q; = [w; 1, w;», ...wj,kj]T. Using the
HOSVD technique, the TP term SX_, Q; can be reduced by omit-
ting the small singular values. With this algorithm, the full TP
model can be approximated as

SR, Q ~ STR_,Q; (8)

Note that HOSVD is performed by discarding nonzero singular
values, which implies that the resulting TP model will only be an
approximation. Designers need to make a careful trade-off between
the complexity and the accuracy of the model, and the error can be
derived based on the sum of the discarded singular values, as in the
case of the HOSVD of tensors (Vannieuwenhoven et al. 2012).
Thus, new vertex models and GSCs can be extracted from the re-
duced system tensor &* and the coefficient tensor Q (Baranyi
2016); then an updated polytopic model is given by

1
Ax =" aj(A)A; Ax + B; Au + f; ] 9)
i=1

where [ is the number of vertices, which is far less than the original
number of local models II{_, k; in Eq. (4). A}, B}, and f; represent
the vertex matrices calculated by HOSVD. Each of the original lo-
cal models can be expressed by a linear combination of the vertex
models, i.e.

(An. By fo,]€Q2Co{(AL. Bi. fi)....[A7. B} [3])
(10)

a;(A) in Eq. (9) is the unknown GSC of the reduced LPV model
and satisfies the following constraints:

i
Zaj(x) =1 (11a)

af(A) =0, Vi (11b)

Thus, the parameters to be determined are a* € R/, which
will greatly reduce the computational complexity of online
identification.

Left Wing Tip Loss Case

To illustrate the efficiency of the proposed model, the authors take
the left wing tip loss of the GTM in Ouellette (2010) as an example.
The variable 4 in this case represents the percentage of the wing tip
loss to the semispan of the aircraft. A 10-node equally spaced grid
is created over the range of A € [0, 33], corresponding to a nominal
case and 9 damage cases with increasing damage severity. The
HOSVD method then effectively reduces the 10 local models to a
polytope with only 3 vertices, and the error of the reduction, which
is defined as the maximal 2-norm of the relative differences, is
within 1073 (Xu et al. 2015). The 10 local models and 3 vertex
models are listed in the Appendix.

Together with the vertex matrices, the HOSVD method
also produces the corresponding GSC function a*(A) =
[ (A), a3 (), a3(A)] T for the LPV model, as shown in Fig. 1. Note
that one cannot use a*(A) directly in the controller since 4 is
unmeasurable.

0.9
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Fig. 1. GSC functions in reduced polytopic LPV model of GTM with left wing tip damage.
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Table 1. Comparison of number of estimated parameters

Number of
estimated
Method parameters Explanation
LPVM-MIAC 3 GSC vector
8 Compensation vector
ANN 3x3 Angular rate uncertainty matrix
3x4 Trim parameter uncertainty matrix
3x3 High-frequency gain matrix
MMRAC 3x8 State feedback matrix
3x3 Input matrix
3 Compensation vector

The number of estimated parameters in the LPVM-MIAC
method is compared with those in the ANN method in Nguyen et al.
(2008) and the MMRAC method in Guo and Tao (2015). The
results are presented in Table 1. Note that an n-dimensional com-
pensation vector is also considered in the LPVM-MIAC method,
which will be presented in the next section. It is found that the
LPV model has the advantage of reducing the number of estimated
parameters and in turn effectively reducing the workload and

complexity of the estimation.

LPV Model-Based Multivariable Indirect Adaptive

Control

Considering the minor modeling errors in Egs. (3) and (8), a

mismatch term d is added to the LPV model:

1

Ak =Y of(A)|AjAx+ B Au+f;]+d (12)

i=1

Thus, a multivariable indirect adaptive controller is proposed

whose structure is illustrated in Fig. 2.

As shown in Fig. 2, offline-calculated vertex models of LPV are
introduced into a traditional indirect adaptive control scheme. Then
an online parameter identification block estimates the parameters of
the LPV model, i.e., the GSC @&*(A) and the compensation term d.
Given the estimation, a linear system [A, B, f,, d]is then for-
mulated from the polytopic LPV model in Eq. (12). The identified
system is subsequently used in the design of a model reference con-
troller. The identification and the controller design procedures are

discussed in detail in what follows.

Constrained Online Identification of LPV Model

According to the constraint in Eq. (11a)

i

ai(d) =1-) ai(d) (13)

i=2

then Eq. (9) can be rewritten as

/
Ak = <1 -> am)> <A’1‘Ax + B;Au +f€§]>
i=2

]
+) o (A)(AjAx + BjAu+f;) +d (14)

i=2

By defining 0 = [a3(4), ..., (A),d"]T € RI=1*" as  the
unknown parameter, Eq. (14) can be reformulated as

A% —A;Ax — BiAu —f; = @0 (15)

where @ =[(A;—A})Ax+ (B;—Bj)Au+(f5 —f5). . (A] —
AY)Ax + (Bf —BY)Au+ (5 —f5,)1,] € R>(=14m - and T, €
R™" is an identity matrix.

Since one does not have direct access to the state derivatives,
a low-pass filter F(s) is applied to each of the state and input
signals, and its differential form sF(s) is used to estimate the state
derivatives; then a filtered linear system is obtained as

=00 (16)

where z = sF,(s)Ax — (A1F,(s)Ax + B{F,,(s)Au + F, (s)f, )
and @* =F,,,(s)®, in which F;(s) is an i X i diagonal transfer
matrix, and each of its diagonal elements is F(s). Careful selection
of the bandwidth of the low-pass filter allows one to suppress noise
amplification to the greatest extent.

Given data of @* and z at each time instant, the estimation
of parameter @ in Eq. (16) forms a linear regression problem that
can be recursively solved using a standard linear least-squares
procedure. An approximation through the least-mean-squares
algorithm in Astrom and Wittenmark (1995) is applied, i.e.

do
—=_-T,®T. 17
dr 0 € (17)

where @ denotes the estimation of 0, Iy, and I', are diagonal pos-
itive definite weighting matrices, and € is the estimation error of z
defined as

Vertex Models of LPV
Offline Modeli * * * * * *
e Hodelne Cof{[AT Bi fi,]..--.[Al Bi fyl}
Identified a"(N), d Parameter
System Model Identification
Online Indirect
Adaptive Control [ A B f, (ﬂ
r
Model Reference Aircraft Az
r Controller Au rera
Fig. 2. Structure of LPVM-MIAC scheme.
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N

B D0 —z
| Ax[, + || Au — Ks][, + ¢

€ (18)

in which ¢ is a small constant to prevent singularities when the
magnitudes of Ax and Au — K5 are small. K5 is the disturbance
rejection term of the controller, which will be discussed in detail
in the next subsection.

Defining the estimation error as 0=20 — @, one can write its
time derivative as

o —I'y@ "I 6 (19)
de - [|Ax]ly + [|Aw — K3, + ¢
Given a Lyapunov function
_ 1- _
V(0) = EevTrt;Hsv (20)
the time derivative of V(0) yields
ave) 0'® . @0
dr [Ax(l, + [[Au — Ks|, + ¢
n L (L @fak +d))?
_ 2171 &,(2171 ljaj + l) <0 (21)

| Ax|l, + [|Au — K5, + ¢~

where @}; is the (i, j)th entry of @*.

Remark 1: Note that @* is a time-varying function of Ax and
Au, and [Ax, Au] = 0 cannot be a trim status owing to the serious
damage; therefore, V(@) is negative semidefinite but not identically
equal to zero except for the only equilibrium state @ = 0. Then,
according to the Lyapunov stability criterion (Khalil 1996), the

kl,O

Note that H;(s) should match the control capability of the im-
paired system. A slower reference model is expected in a severe
damage situation or in some crucial phase, such as landing.

A state-feedback decoupling method is used to design a control-
ler based on the identified parameters and to make the closed-loop
system fulfill the desired dynamics (Guo et al. 2011; Gilbert 1969).
First, a pseudo-control input u, € R" is introduced that has the
same dimensions as the output of the system in Eq. (9)

Au = Mu, (24)

where M € R™" is a predesigned control allocation matrix, which
maps u,, to the actual input Au. Then a model reference controller

s+l qudlsd]_l’_ ootk

estimation error @ is asymptotically stable and will converge to zero
(Ioannou and Sun 2012).

Remark 2: Lacking persistence of excitation (PE) is not a
serious problem for the aircraft damage scenario. In fact, owing
to changes in the trim point, system dynamics, the strong disturb-
ance, and the unmatched controller outputs (in the learning period),
the system will be continually stimulated until it reaches another
stable state.

Note that the inequality constraint in Eq. (115) is not explicitly
addressed and may be temporally violated in the identification
procedure, but it will not affect the stability and convergence of
Eq. (19).

Model Reference Controller

The following assumptions are made for designing the controller:

1. The system remains within the linear area around the operat-
ing point;

2. The impaired system has enough control capability to maintain
its status; and

3. The system commands are within the control capability.
Suppose that the output of the system is given by

Ay = CAx (22)

where Ay € R", and it is assumed that w < m, i.e., the system
could be decoupled. Note that the matrix C € R"" is an indexing
matrix that extracts elements from the state vector Ax; thus, C is not
affected by changes in the characteristics of the aircraft. The goal
here is to design an attitude controller that can track the predesigned
reference model as

(23)

km.()
sdnt1 km.d,,,sd"’+ w4k

where r € RY, K, Ax + K,r serves as the decoupling controller,
and K; implements zero-offset output tracking by canceling the
effect of the fj and d in Eq. (9). Detailed design procedures can
be found in Gilbert (1969) and Guo et al. (2011), and a brief sum-
mary of the equations used is presented in what follows.

Define matrix E as

E=lel, e, ..., e]]" (26)

where row vector e; = c?fld'l}M, i=1,...,w, and row vector
¢/ denotes the ith row of matrix C. d; satisfies the following
conditions:

can be formed as a state-feedback decoupling controller (Guo et al. cTAYBM # 0 (27a)
2011; Gilbert 1969) with a disturbance rejection term, i.e.

u, =K Ax + K +K; (25) ¢/BM =c]ABM =-..=c[AY"'BM =0 (27b)
© ASCE 04019095-5 J. Aerosp. Eng.
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Then the two gains of the controller can be written

el (AT + &y g AT + -+ Ky ol)

C;(Ad2+l + kZ,dzAdz + M + k2,01)
K =—E" (284)

el (ADH 4k g A% + -+ Ky ])

ki
koo
K, =—E" (28b)
kw,O

The computation of K3 follows from the idea in Guo et al.
(2011), which makes the steady-state gain of the transfer function
from fy +d to Ay equal 0, i.e.

A d
limsC(sT —A — BMK )~ (BM +f ot ) 0 (29
§—>
Solving the preceding equation yields

Ky=—[C(A+BMK,)"'BM|"'C(A + BMK,)" (f, +d) (30)

Case Study: Left Wing Tip Loss of GTM

In this section, the proposed LPVM-MIAC method is tested on
the simulation model of the NASA GTM. The GTM is a 5.5%

dynamically scaled, remotely piloted, twin-turbine aircraft model
that serves as a testbed for dynamics modeling and advanced flight
control experiments. Along with the physical GTM is a MATLAB/
Simulink model. This high-fidelity nonlinear simulation model
includes several adverse flight conditions, such as high angle of
attack, structural damage, and so forth. Actuator dynamics with
position and slew rate saturation and sensor dynamics are also
incorporated into the model (Jordan et al. 2004). The dynamics
of the actuators is also considered, which is a second-order system
with the damping ratio as ( = 0.7 and the natural frequency as
w, = 40 rad/s.

An attitude controller is designed for a prespecified operating
point of the aircraft. At the operating point, the airspeed is
46.3 m/s, the angle of attack and pitch angle are 4.096°, and the
altitude is 304.8 m. All other state variables are 0. The loss of the
left wing tip scenario is considered. The parameters of the control-
lers are listed as follows, where diag() creates a diagonal matrix
from a vector and I,, denotes an identity matrix in R"*":

Iy = diag([0.6.0.01,500, 500, 500, 500, 500, 500, 500, 500])
I, = diag([30. 10, 1,30, 30, 1. 1,30))

c =20
9
Hys)=—— I
)= T a8 7 ob
1
F(s) = 1
) =035 71 (31)

A 40-s simulation with attitude commands as illustrated in Fig. 3
is performed. A 20% damage of the left wing tip occurs at 10 s after
the simulation begins.

10 T T
5+ J-L-A“._“ —
:(C_;2 Q == \, -/h-_‘-_-- -_— e mm= w=
e -5 S —— ,
-10 | | | | |
0 5 10 15 20 25 30 35 40
10 T
5 - -
95 0 /“M
9]
o
-5F 4
_10 | | |
0 5 30 35 40
10 w ‘
5L — Response
. --_/ = = = Reference
S op—— Commands |
®©
> sl \ " 1
_10 | | | | | | |
0 5 10 15 20 25 30 35 40
Time(s)

Fig. 3. Attitude commands, references generated by reference model, and responses of aircraft model.
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To clearly show the transient and tracking responses of aircraft
states, a simulation without state measurement noise is performed
first, and the results are shown in Figs. 3-6.

Fig. 3 shows the attitude commands and responses of the aircraft
model along with the output of the reference models. As shown,
before 10 s, the responses of the aircraft closely track those of
the reference models. This is the result of a particular choice of
the initial GSCs, which makes the LPV model approximate the
actual dynamics of the aircraft and saves the controller from sub-
stantial adaptation. When the damage occurs at 10 s, a temporary
oscillation appears in the attitude angles, which is an indication of
the adaptation of the controller. The oscillation dies out quickly in
approximately 3 s, and the tracking of the attitude angles recovers,
leading to a consistency between the response and the reference.
Note that a sudden aggravation occurred in the roll channel from
20 to 23 s, which was due to the yaw command at 20 s, and the
aircraft performs a bank turn maneuver.

The corresponding control inputs are depicted in Fig. 4.
As shown, during attitude control, the ailerons are used to com-
pensate for the effect of the wing tip damage, and the movements
of all the control surfaces are within the physical limits of the
actuators.

The adaptation of the GSCs, f, and d are shown in Figs. 5-7.
When the damage occurs, the estimated parameters adjust rapidly
and converge stably to the true values. The sum of the GSCs
satisfies the equality constraints in Eqs. (11a) and (115).

To make the simulation more realistic, Gaussian measurement
noises are added to the state variables, with zero mean and variance
of [1,0.01,0.005,0.05,0.1,0.005,0.005,0.05]. The simulation
results are shown in Figs. 8—12.

© ASCE

04019095-11

As shown, the results are similar to those without noise. In other
words, the controller is robust to a reasonable noise level, which
reflects the applicability of the proposed control method under
practical applications.

Conclusions

A damaged asymmetric aircraft represents a severe case in which
aircraft handling quality and flight safety are significantly affected,
posing challenges for the design of flight control systems. By incor-
porating an offline analysis of the dynamics of the damaged aircraft,
a reduced-sized LPV model with sufficient accuracy is constructed.
A model reference controller is designed based on this LPV model,
implementing both the matching of the ideal closed-loop dynam-
ics and offset-free tracking. Simulations of attitude control on the
NASA GTM demonstrate the effectiveness of the method, i.e., the
identified coefficients of the LPV model quickly converge as
the damage occurs, and the controller achieves satisfactory tracking
of the attitude angles in both noise-free and noisy state measure-
ments. A future research topic will be to focus on a system with
damage at different operating points, such as different angles of at-
tack, heights, and Mach numbers. Moreover, the authors’ research
will be extended to LPV modeling and identification with hybrid
measurable/unmeasurable GSCs.

Appendix. LPV Model

The 10 local models [A; B; fo,](i=1...10) and 3 vertex
models [A]  Bj f§ ](i =1,2,3) of the GTM are as follows:
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22 a2
I 8 § o o lé SIS The following symbols are used in this paper:
S 9 S S S A = state matrix;
a = aileron;
n 8 _ -
© 3 X o B = control matflx,
= § T o T = R o C = output matrix;
— .
S 3 T = I d = modeling error;
! F(s) = filter matrix;
Q Qo S fo = disturbance caused by damage;
ér 5 ¢ o § g = o H ,(s) = desired closed-loop transfer function;
S < S I, = identity matrix of size n;
_ K, = feedback matrix;
N A N ) % .
S d 9 oo @ Qo K, = feedforward matrix;
T 9 S 3 K = compensated control matrix;
_ M = control allocation matrix;
c oo o § o o o O = higher-order terms of Taylor series;
< p = roll rate of aircraft (degrees/s);
e S © L o o q = pitch rate of aircraft (degrees/s);
o S v - X S = r=yaw rate of aircraft (degrees/s);
S S r S 13 S = model tensor;
< u = input vector;
Q E 0 - o & V = Lyapunov function;
== = o g o g - X = state vector;
ol' ol [ s T y = output vector;
a = angle of attack (degrees);
S = — (= angle of slide (degrees);
S a8 2 R 8 2 S a = gain scheduling coefficient;
g < < Nt I I' = weight coefficient;
|

A= damage parameter;
¢ = damping ratio;
0 = pitch angle (degrees);
v = airspeed (m/s);
= roll angle (degrees);
w, = natural frequency (rad/s);
* = vertex of convex set; and
#= grid index.
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