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Abstract: This paper investigates the fault tolerance control of hypersonic aircrafts with £ adaptive
control method in the presence of loss of actuator effectiveness fault. The hypersonic model considers
the uncertainties caused by the features of nonlinearities and couplings. Elasticity is taken into
account in hypersonic vehicle modeling which makes the model more accurate. A velocity £
adaptive controller and an altitude £; adaptive controller are designed to control flexible hypersonic
vehicle model with actuator loss fault. A PID controller is designed as well for comparison. Finally,
the simulation results are used to analyze the effectiveness of the controller. Compared to the results
of PID controller, £1 controllers have better performance.

Keywords: hypersonic UAV; elastic model; lose effectiveness; fault tolerance; £, adaptive control

1. Introduction

Hypersonic vehicles refer to aircrafts, missiles, artillery shells and other vehicles with
or without wings that travel at more than five times the speed of sound. Characterized
by high penetration rate, hypersonic vehicles have great potential value both in military
and economy. X-51, the first flight with an air-breathing scramjet engine in America, is a
milestone in the development of hypersonic vehicle [1]. A program named “Promethee”
was launched in France to study hypersonic vehicles [2]. In Banalor, India has made great
efforts to hypersonic aerodynamics [3]. And China has made huge progress in air-breathing
systems in recent years [4]. Hypersonic vehicle, for its important application value in the
military field, has arisen extensive attention from a number of countries [5]. It is of great
importance to study the control of hypersonic vehicles.

Hypersonic vehicle is designed with complex stress conditions, and the applicability
of mathematical model determines its control effect to a certain extent. In 2007, Parker
put forward a control model of hypersonic vehicle [6], which was made intuitively by
abstracting formulas from various stress conditions. Fiorentini made some improvements
to Parker’s model [7]. In Fiorentini’s study, the model was further reduced to four formulas
and some variables with little influence were omitted. However, both models are only
applicable to rigid bodies. The high speed of hypersonic vehicle has certain influence on
its elasticity. Zong put forward a hypersonic model that took elasticity into account [8]. Liu
developed a more accurate elastic replacement model [9]. In the modeling, comprehensive
algorithm [10], quantitative echo [11], two-stage orbit [12] and other new methods based
on the BGK scheme of gas dynamics were adopted. Today, the modeling of hypersonic
vehicle is still a heated issue.

Hypersonic vehicle plays an important role in aircraft application, so that its security
must be guaranteed. If a hypersonic vehicle is working in a tough environment, more
uncertainties and a greater chance of failure may occur. Tang studied the fault tolerance
of full state constrains [13]. Sun studied methods for dealing with input saturation and
state constraints [14]. Cheng focused on the breakdown and rebound of the actuator [15].
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And An focused on the attack constraint [16]. There are many methods used for fault-
tolerant control. Some traditional control methods, such as PID, can tolerate failures, but
only applicable for simple systems. Some advanced methods, such as Barrier Lyapunov
function based adaptive finite time control [17], second-class fuzzy technology and cuckoo
search algorithm, have achieved good results in complex systems [18]. £1 adaptive control
is usually not applied to fault-tolerant control, while £; adaptive fault-tolerant control is
usually applied to four-rotor vehicles, such as [19-22]. It is of great significance to apply £;
adaptive control in fault-tolerant control of hypersonic vehicles.

First, the hypersonic mathematical model is determined as a non - minimum phase
flexible model in this paper. In order to simplify the structure of the controller and take the
elastic model into consideration, a hypersonic model is established as a reference model [8].
The model contains not only elasticity but also uncertainty, so it is particularly important
to study this model. As the modal frequency of aircraft structure is closer to the rigid
modal frequency, the influence of elastic effect on the flight dynamics of elastic aircraft
becomes increasingly significant. In particular, the processing and stability characteristics
will become more complex and serious, and the "rigid aircraft" analysis method cannot be
studied. Therefore, it is urgent to establish a multi-disciplinary coupling flight dynamics
model of elastic vehicle. In this paper, the elastic engine model is taken as a part of the
hypersonic vehicle model to make the mathematical model closer to the actual hypersonic
vehicle dynamics. Second, the failure of the actuator is a loss failure. In reality, due
to the wear and tear of the vehicle and the inherent age limit, loss failures often occur.
Pneumatic rudder plays a decisive role in aircrafts, which is a guarantee to avoid loss
failure. Proposed by Hovakimyan et al. in 2011, £; adaptive control is a fast and robust
adaptive control method as stated in [23]. By adding a low-pass filter to the control law
design, the separation of control law from adaptive law design is ensured. According to
the particularity of the supersonic aircraft model, the height controller needs to derive the
relationship between control value and state by backstepping. Then, in this paper, the £4
adaptive control method is introduced to control the hypersonic vehicle with elasticity
and loss fault. £ adaptive fault-tolerance control is an active fault-tolerant control that
readjusts the parameters of the controller according to the fault, and can deal with the fault
actively. Besides, the adaptive fault tolerance of fault occurrence amplitude is superior
to passive fault tolerance control. In order to improve the performance of the control
system to a greater extent, traditional £, adaptive control needs to combine with fault
tolerance control.

Since we consider aeroelastic model in this paper, the generalized aeroelastic force
will affect the force and torque of the hypersonic vehicle. It makes the whole system more
likely to get into an unstable state and increases the difficulty of control. When the faults
of actuators occur the control ability will reduce significantly and the impact of elasticity
on the system stability will be intensified. Therefore, to improve reliability of the control
system, fault-tolerant controller with rapid response is necessary for the elastic hypersonic
vehicle. We propose a £; adaptive fault-tolerant control method which combines the £
adaptive control method and fault-tolerant control theory. Firstly, £ adaptive control
is a model following reconfiguration fault-tolerant control which does not require high
linearity of the model and can be applied to nonlinear model like the hypersonic aircraft
used in this paper. The internal structures of £, adaptive methods vary with model. The
states, disturbances and reference trajectory of hypersonic vehicles can all be considered
in designing adaptive parameters of controller. So £; adaptive control can have more
targeted control effects for the specific aircraft. Secondly, as an improved method of £;
adaptive control, £; adaptive fault-tolerance controller’s response speed is fast due to its
structure of separating feedback control and adaptive law. For elastic hypersonic vehicle,
the fast reaction rate is necessary. Besides that, it can also reduce the influence time of faults
and improve flight quality. Finally, low-pass filters are designed to add into £; adaptive
fault-tolerant controllers to restrain high frequency oscillation of control inputs. It can
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avoid the irreversible results produced by the interaction of high-frequency oscillation and
aeroelasticity.

The paper is organized as follows. First, the dynamic model of the hypersonic aircraft
is built in Section 2. Then, the £, adaptive controller is designed and the stability is proved
in Section 3. In Section 4, the simulation results are shown and analyzed. Finally, conclusion
of the whole paper is present in Section 5.

The main contributions of this paper can be highlighted as follows.

(a) We build a hypersonic aircrafts model with loss fault and take elasticity into
account. We simplify the model to a control-oriented model.

(b) We investigate the combination method of £, adaptive control and fault tolerance
control. We propose two kinds of combination methods to suit different aircraft modeling
situations.

(c) We apply £ adaptive fault tolerance control method to hypersonic aircraft model
and keep the hypersonic aircraft with elasticity tracking the reference longitudinal velocity
and altitude in loss fault situations which have better performance than PID controller.

2. Problem Formulation
2.1. Dynamic Motion Equations

Assuming that the earth is flat, the earth coordinate system is chosen as the inertial
seat. The frame beam is a free beam structure at both ends, and the first three elastic modes
are considered. In [7], a model of rigid-body vehicle dynamics is proposed. Table 1 lists the
meanings of each parameter appearing in the model.

Consider the decoupled longitudinal dynamic merely, the longitudinal rigid-body can

be written as: )
mV =Tcosa —D —mgsinvy

h = Vsiny
7= Lne — £ cosy : M)
0=0Q

where m is mass, V, h, 7, 6§ and Q denote five rigid body states of the system, named
velocity, altitude, track angle, pitch angle and pitch angle rate, « = 6 — < is attack angle, T,
D, L, M present thrust, drag, lift and pitching torque, g is acceleration due to gravity, I,
denotes moment of inertia along the longitudinal direction.

In Equation (1), the forces and the torques are calculated as follow:

= 3S(Cr + Cr%¢ + Cr'ly)

4S(Cp + Cp* 6.2 + Cp%é. + Cp'yp),
= 3S(CL+ Cr%6 + CL'n)

M = §eS(Cpt + Cn%de + Cot"y) + 21T

T
D
2
L @)
where ¢ and 6, are control inputs, respectively fuel equivalent ratio and elevator deflection

angle, ¢ is mean aerodynamic chord, S presents the reference area, zr denotes the thrust-to-
moment coupling coefficient, § is dynamic pressure and expressed as:

L‘/Z _ pogf(hfhﬂ)/hsvz

1= = ®)
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where p is air density, py is air density at nominal altitude, /iy presents nominal altitude
and /5 denotes inverse of the air density exponential decay rate. Other coefficients Ct, C1?,
Cp, Cr, Cy are given by:

Cr= CTa3£X3 + CT[XzDéz + Cr*a + CTO

CT(P = CT(/M3063 + CT¢“2062 + CTq""oc + CT¢O

CD = CDale2 + CD‘XDC + CDO ’ (4)
Cr=Cr %+ CLO

Cm = CMD‘ZOCZ + Cp*a + CMO

Table 1. Explanation of Parameters.

Parameter Explanation Parameter Explanation
m mass q dynamic pressure
v velocity 0 air density
h altitude 00 air density at
nominal altitude
0% track angle ho nominal altitude
0 pitch angle hs inverse of the air
density
exponential decay
rate
Q pitch angle rate N; generalized force
« attack angle n; and 7; six elastic states
T thrust Gi damping factor
D drag wj natural oscillation
frequency
L lift n loss rate
M pitching torque Yr reference pitch
angle
g acceleration due @;(i=V,v,Q) uncertainties
to gravity
Ly moment of inertia 07 (1) adaptive variable
along the
longitudinal
direction
¢ fuel equivalent Ky velocity gain
ratio
e elevator cv control law
deflection angle
¢ mean Ki(i=1,2) adaption gain
aerodynamic
chord
S reference area Pi(i=1,2) the solution of
Lyapunov
equation
zT thrust-to-moment D;y(s)(i=1,2) low-filter
coupling
coefficient

For hypersonic vehicles, rigid-body dynamic model can not analogy the real dynamic
situation of hypersonic vehicles. In order to obtain a more accurate result, the elasticity
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of hypersonic vehicles must be considered. The flexible engine model of air-breathing
hypersonic aircraft with non-minimum phase shown in [8] is presented as follow:

ii; = —2;witl — wityi + Ni(i = 1,2,3), (5)

where N; present generalized force, #; and #; present six elastic states, {; is the damping
factor, wj is the natural oscillation frequency. In Equation (5), the forces and the torques are
calculated as follow:

N; = GS(N/**a® + Nf*a + N6, + Niiy + N°)
(i=1,2,3)
K]J? = [K]-’“,K]-”Z,Kj%]
(K=C,N;j=T,D,L,M).

(6)

The elasticity of hypersonic vehicles is relate to the attack angle. When hypersonic
vehicle takes large maneuver, the elasticity makes great influence on stress situation. The
model of hypersonic vehicle model becomes more accurate but more difficult to control.

According to Equation (2), it can be seen that the coupling between elevator and lift
affects the track angle, which causes a problem that the control law of elevator derived by
standard inversion method based on the dynamics of altitude / and track angle v makes
the internal dynamic pitch angle and pitch angular velocity unstable. In order to solve this
problem, the elevator deflection angle J, in the track angle v is regarded as uncertainty so
that the effect of . on altitude only appears in pitch angular velocity and the correlation of
h is improved. In addition, all items except pitch angle 6 are considered as uncertainties in
the track angle formula. Besides, in order to decouple the longitudinal velocity and height
in the controller, we consider the J, in the longitudinal speed as uncertainty and ignore
the effect of fuel equivalent in pitch angular velocity. Finally, the control oriented model is
obtained by simplifying the model, which is written in the form of the sum of constant,
control quantity and uncertainty in Equation (7). The longitudinal velocity control logic
can be set as fuel equivalent ratio-longitudinal thrust-longitudinal velocity and the altitude
control logic is elevator deflection angle-pitching moment-pitch angular velocity-pitching
angle-track angle-altitude.

2.2. Loss Fault and Model Simplification

For hypersonic aircrafts, when there’s a loss fault, it always comes to the pneumatic
rudder. Specific to this paper, it is elevator deflection. Reflected on the model, it is a loss
rate n acting on .. According to Equations (1)—(4), each state is influenced by elevator
deflection angle. It will cause plenty of extra calculation and deform the control effect if n
is multiplied directly .

Treat J. as an uncertainty in V, ignore others except 0 in ¥ and treat ¢ an uncertainty
in Q as well. The model shown as Equation (1) can be simplified as:

y gS(C —Cp)— i GSC¢
V= 4S(Cy cosa—Cp) mgsm’y+ g Tmcosm¢+wv

m
=Wt Vep+av
h=Vsiny
o= qu‘SCTI;q‘c‘SCM I qc‘sliy"f 1, + @q
= Qo + Qcnde + @9

where 7. = vy — 7;, 7, is the reference pitch angle and @;(i = V, vy, Q) present uncertainties.
Although the control right is sacrificed after simplification, the designs of controllers
become more convenient and increase the speed of fault tolerance control.

In aircraft control, the selected control variables are variables of actuator such as
rudder deflection, motor speed, etc. or the variables that have operation relationship with
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the actuator such as force and torque. The fault mode selected in this paper is the loss fault
acting on the actuator which makes the control value reduced in the simulation part. Then,
the goal of fault tolerance control is to ensure that the final output control value is close to
the output value of the fault-free state. The main methods are as follows:

1. Use the fault-tolerant ability of £, adaptive controller

In the formula u(t) = 6T (t)x(t) + kgr(t), T (t) is an adaptive variable which is ad-
justed according to the error of the return controller outputs. When there is no fault in
the actuator, the adaptive variable is affected by the error. In order to make the controller
fault-tolerant, fault information is added into the adaptive variable to make it follow the
fault of the actuator. The corresponding increase or decrease is made to ensure that the final
control value remains unchanged. This method is suitable for the system whose control
variable is the actuator variable and the system with simple structure.

2. Add compensators to the designed controller

Make the control quantity output under the non-fault state into the ideal control
quantity. Under the loss fault condition, the ideal control quantity can be written as the
sum of the failure control quantity and the compensation quantity. Then, in the process
of modeling, the sum of failure control value and the compensation value can represent
the ideal control quantity all the time. So the compensation value becomes a part of the
control quantity with the design of the controller. This method is suitable for the system
whose control variables are not actuator variables. Only a part of the control variables in
this system are affected by the fault, and only the part responding to the fault needs to be
fault tolerant.

3. £1 Adaptive Controller Design

It should be noted that the italic style of £ here is a special symbol.

Figure 1 shows the internal structure of £ adaptive controller, it consists of four parts:
control law, state predictor, adaption part and kinematics and dynamics. The part of control
law outputs the control values to other three parts. Adaption part is influenced by the
difference of state predictor and force model and outcomes adaptive quantities to control
law and state predictor.

Reference
state value \
_— Control law and low pass filter ‘<
l, u
v oy
State Dynamics Adaptation
. and
predictor . . calculator
kinematics
X
>
= X

Figure 1. £; adaptive controller.

As illustrated in Figure 2, there are two £; controllers in the control system. One is
used to control velocity and the other is altitude controller. The reference altitude and
longitudinal velocity are designed in advance and two controllers accept real state value
from the aircraft model. Fuel equivalent ratio and elevator deflection angle are output to
flexible hypersonic model.
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v Altitude S h
D —\I
Reference trajectory  /, Controller
Flexible hypersonic
aircraft model
Reference velocity v, Velocity 4
P R ‘ ‘
A Controller v
Figure 2. Fault tolerance of hypersonic aircraft by £, adaptive control.
3.1. Velocity Controller
The velocity error dynamic is defined as follows:
VEZV—Vr:V0+VCq§+C’Dv—Vr. (8)
Define the control value as uy = ¢ and design the control input ¢:
¢ =—KyVe—Vo+ Vi +gv, ©)

Ky is the velocity gain and gy is the control law needed to be design. Equation (8) can be
written as follow: ) )
Ve=W+Vep+oy -V,
= —KyVe+ (Ve = 1)+ @v +gv, (10)
= —KyVe+oi¢p+ov +gv

where 07 = V. — 1 which is bounded and satisfies |07| < x; and @y satisfied |@y| < p;.
The state of velocity control is x; = V, and the control system can be described as:

X1 = A1x; + by (19 + @v +¢v),

11

Yi=caxn an

where A; = —Ky, by = 1 and ¢; = 1. The state predictor subsystem of velocity is
presented as:

1= A1t + bi(19 + dv +¢v), (12)

where 07 and @y are given by projection operator and have the same boundaries as 7 and
@y respectively:
o1 = Kyproj(o, —b19pP1%1)

A S A - 13
wy = Kyproj(dy, —b1 P %) (13)

In Equation (13), ¥; = %1 — x1, Kj is the adaption gain and P; is the solution of
Lyapunov equation AP+ PA = —Q1, where Q1 > 0 is known. The control law is
defined as follow:

Gv(s) = Di(s)x1(s), (14)

D4 (s) is a low-filter needed to be chosen. The x;(s) is laplace transformed from:

xi(t) = =019 — dy. (15)
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Definition 1. For a nxm-dimensional output system G(s), its L1 norm is defined as ||G(s)||,, =

" < )"f |Gij(s) HL1> , where Gj;(s) is the element of row i and column j.
=1

Lemma 1. For a stable MIMO system, if the input is u(t) and the output is y(t), then ||y(t)||; . <
IG(S) L, ()], where [fu(t)]L, = max(y(t)).

Corollary 1. For a stable MIMO system, if the input is bounded, then the output is bounded as
well which means max(y(t)) is bounded.

Lemma 2. For series system G(s) = G1(s)Ga(s), Gi(s) € R™¥!, Gy(s) € R™™, there is
1G)Iz, < NG1()L, [1G2(8)]],-

Theorem 1. (L4 small gain theorem): For a system with input u(t) and output y(t): y(t)=Ni(s)
(u(t) — Na(s)y(t)), where Ny (s) is the transfer function of forward path and Ny(s) is the transfer
function of feedback loop. If || N1 (s) ||, [N2(s) ||, <1, then the system is asymptotically stable.

Lemma 3. If A € R™", b € R"™ is controllable, the matrix N is full rank.

Lemma 4. If A € R, b € R"™! is controllable and (sI — A)~'b is asymptotically stable,
there is a matrix ¢ € RV which enables c(sI — A)~'b become the minimum phase system with
relativity of 1.

Proof. By changing the low-filter D;(s) to satisfy the £q-norm stability condition, just
ensure the Lyapunov function is negative definite, the control system is stable and according
to Theorem 1 the system satisfies:

1GL() I, llellz, <1, (16)
where G1(s) = (s — A1) !b1(1 — Dy (s)). The Lyapunov function is defined as follow:

Ey = P& 4+ Ky 167 + K, 'd%, 17)

where & = 67 — 09, @y = @y — @y. The derivative of Ey can be written as:

EV = 2P{x %1 + 2K171L0'161 + ZKlil;'C’Ov(ﬁv
=2P; (A% + b15'147)f1 — 2K171£’Z)V{DV
+2K171(f)v(k(i7v + K1b1p1f1)
+2K1_1ﬁl (;\Ul + Kybyuy P %)
< -2 2Ky ldyay

(18)

< —sz% + 2K171 |(f7v£’bv|.
O

Let oy be continuously differentiable with uniformly bounded derivaties @y, so we
can obtain |@%@y| < 2u10v1 and then Ey < —%I Q1% + 4K oy
Define a constant:

[1]

é4Amax<Pl)
177

oA U @y + 4(max o |2 + ui?). 19
min(Ql)yl Vi ( | 1| ‘111) ( )

First, assume there exists #; > 0 and Ey(t;) > K1_131. Because max Kl_l(FTlT o +
QT dy) < 4K ! (max |o1|* + p12), it follows from Equation (17) that

8 —1 Mmax(P1)
PR3 > 4K, 122X 0, 20
187 > 4Ky )\min(Ql)‘ul %! (20)
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and
2 Amin(Q1)

=2
X > Pix
Ql 1=" 1/\max(P1>

= 4Ky Mo (21)
So it can be obtained that when Ey (t) > K; '&; (K; is always above 1),

Ey < —Qu#2 + 2K, HdLavy|

22
< —4Ky oy +4poyy < 0. (22)

Then assume #; > 0, Ey (t) < K;~'Z;, we obtain Pp?% < Ey < Ky 1'2;. Since

/\min(Pl)HJ?lHZ < Plf%r (23)

s [ &
< - -
||-x1||LDo —= )\min(P])Kll (24)

the velocity control system is stable.

there is

3.2. Altitude Controller

By combining the last four formulas in Equation (1) with small angle approximation,
the altitude dynamic can be obtained. é, does not have direct relation with £, so it has to
set up the relationship from the twice formula to the end. In order to simplify the structure
of controller, normal adaptive control is used except the last step. The reference altitude is
given and the reference track angle can be designed as:

he=h—hy=Vy—h =V(ve+v) —hy. (25)

In order to make & track h,, v, is designed at first:
1 R
Yr = V(_Khhe‘f‘hr)- (26)

Equation (25) can be written as:
e = —Kyhe + Vye. (27)
The track angle can be obtained:
Ye =0+ @y =0 + 0, + @, (28)
so
0y = —Ky7e — @,. (29)
Equation (28) can be written as:
Yo = —Kyve + 0. (30)
The pitch angle rate can be expressed:
0e=0—6,=Q—0,=Qc+Qr— 6, (31)

Q; can be written as:
Qr = _K99€ + 9r~ (32)

Equation (31) can be written as:

96 - —K99e + Qe- (33)
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Now, the relationship between J, and / is built as:

Qe = Qo + Qcnde + Qg — Qr- (34)

According to Equations (28)—(32), Qr can be expressed as:

Qr = —KGQE + (—Kyye — ‘97)” )
= —Kgb, — Ky (=Kyye +0) — @,
= _(KO + K'y)(—KGQe + Qe)

- 35
+Ko (= Ky Ye + be) — dy )
= (Ko” + KoKy + Ky )6
_(KG + K“y)Qe - K“ys')’e - @7/
so Equation (34) can be written as
Qe = QO + anée + C'DQ + (Kf) + K’Y)Qe (36)

—(Kg? + KoKy + Kq2)8e + Ky 2 ye + @

Define the control value ug = née, and use L1 adaptive controller to design the ideal
control input é, as:

6 = —KoQe — Qo + (Ko* + KoK, + K, )0,

.. 37
—(Kp + K1) Qe — Ky 2y, — @0, 57)
Equation (34) can be written as follow:
Qe = Qo + Qcnde + g — Qr
= —KgQ, + (Qcn — 1)d, + @g + gy (38)

= —KgQ, + 020e + @g + 61,

where 05 = Q1 — 1 and it is bounded as |0,| < xp and @ satisfies |@g| < po. The state of
altitude controller is x, = Q. and the control system can be described as:

X2 = Apxa + ba(090, + wo + Gn)

39

Y2 = c2Xz, 39)
where Ay = —Kg, bp =1, c; = 1. The state predictor subsystem of altitude is presented as:
Yo = Aoy + by (020 + @ + 61), (40)

where 6,, @ are given by projection operator and have the same boundaries as 7 and @:

vy = sz?’Oj((ATz, —by6.Pr%7)

X s A - 41
(DQ = szTO](C’OQ, *bzpzx,'z). ( )

In Equation (41), £, = £, — x2, K3 is the adaption gain and P, is the solution of Lyapunov
equation Ay Py + PyAy = —Q,, where Q; > 0 is known. The control law is defined
as follow:

Gn(s) = Da(s)xz(s), (42)

D;(s) is a low-filter needed to be chosen. The x(s) is laplace transformed from:

Xz(i’) = —090, — @Q. (43)
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Proof. By changing the low-filter D;(s) to satisfy the £1-norm stability condition and just
ensuring that the Lyapunov function is negative definite, the control system is stable and
according to Theorem 1 the system satisfies:

1G2(s) I, llerll, <, (44)
where G,(s) = (s — A2) 'by(1 — D (s)). The Lyapunov function is defined as follow:
Eq = P%5 + Ky 103 + Ky '@, (45)
where &, = 07 — 03, @), = &}, — @y. The derivative of Eg can be written as:

EQ = 2P5xy % + 2K271L0'25’2 + 2K271L(DQ(Z~)Q
= 2P2(A2f2 + bo26,) %2 — 2K2_1(TDQC@Q
+2Ky 1 dg (0g + KabyPay)
+2K; 15 (02 4 Kobouy Pas)
< —sz% - 2K271@Q‘DQ
< — Qo3 + 2K, H@pag)-

(46)

O

Let @g be continuously differentiable with uniformly bounded derivaties @1, so we
can obtain |c®5a)Q| < 2@ and then Ej < —#T Qaiy + 4K2_1;42cOQ1.
Define a constant as:

A Amax(PZ)
=4 —=
2 )\min(QZ) .

[1]

2001 + 4(max oo + ia?). (47)

First, assume there is a constant t; > 0and Eg(t;) > K, 1E,. Because max Ky ! (~2T 0y +
@(Tg(f)Q) < 4K, ! (max |2 |? + p2?), it follows from Equation (45) that

. _1 Amax(P2)
Pi3 > 4K, 122 001, 48
2224 in(@) 127 4
and Ain(Q2)
) ~2 /‘min 2 -1
X5 > Pois————=="- = 4K @01- 49
Q% > P 2 o (Pa) 2 Ha®@Q1 (49)

So it can be iferred that when Eq(t) > K>~ 18; (K; is always above 1):

Eq < —Qoff + 2Ky @[

-1 (50)
< —4K, P21 +4}126’0Q1 <0.
Then assume t; > 0, Eg(t) < K> 1E,, we obtain Pp?% <Ep< K, 15,. Since
)\min(PZ)”fZHZ < P255§/ (51)

there is

[1]

i 2
Y e R 2
||352||L00 ~V Amin(P2) Ko N

The Lyapunov function of the whole altitude controller consists of not only the func-
tion of Q, but also the Lyapunov function of /, vy and 6. Because of the commom adaptive
control method used in deriving #, v and 6, the Lyapunov function of them are much easier.
The Lyapunov function of the whole altitude controller is expressed as

EZEh+E7+E9+EQ. (53)
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The derivative of E can be written as:
EZEh+E7+E9+EQ (54)
= —Khhgz — K,)/)/EZ — nggz + EQ,
EQ < 0 is proven above, and —Khhez, —Kv'yez, —K9(952 are definitly non-positive, so the
Lyapunov function of the whole altitude controller is negative definite and the altitude
control system is stable.

4. Simulation

The sample time is 0.01 s and the simulation time is 500 s. According to [24], m = 147.9
slug, wy = 21.17rad/s, wy = 53.92 rad/s, w3 = 109.1 rad/s. The parameters come from [8]
where ¢ = 32.17 ft/s?, c=17 ft, S = 17 ft?, {; = 0.02, I, = 86,722.54 slug - ft*/rad,
po = 6.7429 x 1072 slugs/ft3, zr = 8.36 ft, hy = 21,358.8 ft, hy = 80,000 ft, Vi = 8000 ft/s.
Aerodynamic parameters are shown in Table 2. All results are based on simulation work
and some real limitation condition is not considered.

Table 2. Aerodynamic Parameters.

Mark Value Mark Value

cL* 5.9598 Cp~ —0.07402

C o 0.7341 Cp¥’ 0.9102

c° —0.02438 Cp’ 1.084 x 10°°
cn —0.03410 Cp’ —0.01988
CL™” —0.01737 Cpn 0.001293
E —0.06758 Cp™ 2.5523 x 10*
Cp® 7.9641 Cp' 0.002707
Ny —0.08928 N,® 8.8374 x 102
Ny ® 0.3497 Np* 9.5685 x 102
N;© 2.7562 x 1073 Np° 1.3834 x 1073
Ny % 0.03902 N, —2.4875 x 1072
Ny —9.3415 x 10~* N, 4112 x 1074
N2 —6.7015 x 10~* N2 1.0924 x 104
N, —1.8813 x 1073 N,'3 8.5621 x 10~4
™ 6.8888 Ny —7.4826 x 102
Cp® 5.139 N3® 0.103

Cp 0.1628 N;° —1.9277 x 1073
Cu’ —1.3642 N3 —42624 x 1073
Cy 7.1776 x 1073 N3 3.2963 x 1074
Cu™ —0.03022 N3'2 3.0022 x 1074
Cu' —0.01067 N33 6.5423 x 1074
o’ ~14.038 Cr® 0.03728
Cr —1.5839 Cy0 —0.02164
CrP™ 0.6934 Crn 0.0027609
Cr? 0.1990 Cy'2 —0.0034979
cr 1.0929 Cy'hs —0.005331
cr 0.9714

4.1. Horizontal Flight

Set the target velocity and altitude as 8000 ft/s and 80,000 ft respectively, and use PID
controller to certify the accuracy and controlability of the model. Parameters of controller
is set as Ky = [20,0.1,0] and K;, = [20,0,0.1]. As shown in Figures 3 and 4, the model
can achieve horizontal flight under the control of PID controller. The longitudinal velocity
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error is almost 0 and the altitude error becomes stable at 0.05ft. As control value, the fuel
equivalent is stable at its minimum value. In the horizontal flight mode, fuel equivalent is
ineffective and elevator deviation has a small deflection to balance gravity.

0.01 0.06 %0338

|_Y:0405158
X: 0.024
Y:-0.0004383 X
0 0.04 | X:19.39
— . Y:0.04625
b =
= 0.01 =
§ X:0.016 <= 0.02
Y: -0.02036
-0.02
0.
-0.03
0 100 200 300 400 500 0 100 200 300 400 500
time (8) time (S)

Figure 3. Velocity error and altitude error proposed by PID controller in horizontal flight and fault

free state.
X:0.33
0.052 [ [ [Y:1.054
1t

00511 x:1448

Y:0.05 — %8 Tt

2 0.5
0.049 ¢
0.048 : : 0 . .
0 200 400 0 200 400
time (s) time (s)

Figure 4. Control value proposed by PID controller in horizontal flight and fault free state.

From 0 to 1, the loss fault rate increases by 0.05 each time. After a sequence of test, in
the state of horizontal flight, the maximum fault rate the PID controller can tolerate is 0.35.
Between 0.35-0.5, longitudinal velocity can be controlled but the altitude is unwarrantable.
If the actuator loss exceeds 0.5, the whole system will be out of contol. Figures 5-7 are the
comparison of PID controller and £; adaptive fault tolerance controller at fault rate 0.45. It
is obvious that £; adaptive fault tolerance controller is more advanced than PID controller
in horizontal flight. Both controllers have almost the same performance at longitudinal
velocity control. But both curves of altitude and track angle oscillate obviously with PID
controller. By contrast, the £, adaptive fault tolerance controller makes both the altitude
error and track angle almost stable at 0.
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Figure 5. Comparison of velocity and velocity error, altitude and altitude error proposed by PID and
L4 controller in horizontal flight and fault state.
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Figure 6. Comparison of control value proposed by PID and £; controller in horizontal flight and

fault state.
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Figure 7. Track angle proposed by PID and £; controller in horizontal flight and fault state.

4.2. Pitching Maneuver

Pitching maneuver is a very important maneuver of hypersonic vehicle and it is more
difficult to control. Actuator loss fault may lead to terrible results especially on upward
flight. This paper uses the trajectory shown in [8] whichs has proved that aerodynamic
hazards will not occur in this flight trajectory. Longitudinal velocity function and altitude
function are shown in Equations (55) and (56). Vi, = 10,000 ft/s and ;5 = 100,000 ft.
PID controller is used to make sure the model has the ability to achieve pitching maneuver.
Control parameters is set as Ky = [20,0,0] and K;5, = [20,0,0]. As shown in Figures 8-10,
the model can make pitching maneuver. PID controller can make the longitudinal error in
0.6 ft/s and altitude error in 0.06 ft with no fault. As shown in Figure 9, fuel equivalent
contributes a lot in pitching maneuver. The track angle changes around 0.015 rad and
finally returns to 0.

Vo ,  0<t<100
Vo + 10(t — 100)*/29 , 100 <t <110
Ve = Vp + 200(t — 105) /29 , 110 < t < 390, (55)
Vo +2000 — 10(¢ — 400)%/29 , 390 < t < 400
Vinal , t > 400
ho ,  0<t<100
—_10° _
B — 10° cos[27t(t — 100) /300 100 < £ < 400. (56)

—71/2] + ho + ( — 100) /300
hfinul

, t > 400



Aerospace 2021, 8,176

16 of 20

10,000 t ]
- X 403.1
g Y: 9999
% 9,000 1
X: 1024
> Y: 8002
8,000 1
0 100 200 300 400 500
time (s)
x10*
10t 1
X:381.4
o / Y:9.997e+04
oot :
Ne X:152.7
Y:8.067e+04
§p—"

0 100200 300 400 500

' ' X:4608

06 X1073 V05529 |
~ Y:0.4246 —
~N
£04 ' -
o
0
>02¢

0

0.08 e
006t "

~ ’ ] X:4756
€ 0,04 X:1028 Y:006143

o Y:0.05427
S0.02t

0 100 200 300 400 500
time ()

Figure 8. Velocity error and altitude error proposed by PID controller in pitching maneuver and fault
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Figure 9. Control value proposed by PID controller in pitching maneuver and fault free state.
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Figure 10. Track angle proposed by PID controller in pitching maneuver and fault free state.

As the test in horizontal flight, it is figured out in pitching maneuver flight that
the maximum fault rate PID controller can tolerate is 0.15 which is apparently smaller
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in horizontal flight. Between 0.15-0.35, velocity can be controlled while altitude cannot.
Velocity and altitude will be out of control if the rate exceeds 0.4. The results at fault rate
of 0.35 are shown in Figures 11-13. Although PID controller has advantages in velocity
control, the altitude is completely out of control. PID has better performance in longitudinal
velocity control and can make the velocity error in 0.4 ft/s. Although £; adaptive fault
tolerance controller makes the velocity error in 0.6 ft/s, the altitude error is almost 0. Taken
together, £, adaptive fault tolerance controller is better.

In summary, Figures 3 and 4 are the results by using PID controller in horizontal flight
with no fault and it can make hypersonic vehicle stable. Figures 5-7 are the comparison
of PID controller and £ controller in horizontal flight with 0.45 loss fault. It can be seen
that £; controller has better performance especially in altitude control. Figures 8-10 are
the results by using PID controller in pitching maneuver with no fault and the hypersonic
vehicle can achieve pitching maneuver with no fault. Figures 11-13 are the comparison
of PID controller and £ controller in horizontal flight with 0.35 loss fault. PID controller
is better at velocity control but considering the velocity control and altitude control £;
controller has advantages in fault tolerance state.

' ' ' ' ' ' 41|
10,000 06t X1015 Y:0539 |
- X:394.4 > M —
S ¥:9989 204l [ ]
2 9000t . s04 —
: Ol X: 101 X4
g M — LI controller > 02 ‘ Y:0.3453 —LI1 (Y:0342;
8,000 —PID controller 0 —PID controller

0 100200 300 400 500

0 100 200 300 400 500

time (s) time (s)
a -
. T T T Y:1e+05 7] I
of —L1 controller
—PID controller
~
- ;
5 §— X: 2855 5] L
p Y:8.682e+04 Q
ol < o Y- 1122
—L1 controller Y:0.1493 y: 0 05393
il —PID controller =
— ¢ PO

0 100200 300 400 500

time (s)

0 100 200 300 400 500

time (s)

Figure 11. Comparison of velocity and velocity error, altitude and altitude error proposed by PID

and £, controller in pitching maneuver and fault state.
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Figure 12. Comparison of control value proposed by PID and £; controller in pitching maneuver

and fault state.
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Figure 13. Comparison of track angle proposed by PID and £ controller in pitching maneuver and

fault state.

5. Conclusions

This paper has presented £; adaptive controllers for hypersonic aircraft to achieve
loss fault tolerance control. The nonlinear and coupling mathematical model with elasticity
of the hypersonic aircraft is built with the consideration of uncertainties. This paper investi-
gates the combination of £, adaptive control method and fault tolerance concept applying
in hypersonic aircrafts. According to different aircrafts situations, this paper proposed two
combination methods of £; adaptive control and fault tolerance control. One is based on
the fault tolerance ability of £1 adaptive controller, the other is adding compensators in
cotroller design progress. The fault tolerance control method is applied in hypersonic air-
craft, £1 adaptive controllers of velocity and altitude are designed respectively. Compared
with the results of PID controller in loss fault state, the £ adaptive controller can make
sure that the hypersonic aircraft flight in an expected velocity and altitude at higher loss
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fault rate. Besides, it has better performance and less error than PID controller. £1 adaptive
controller is advantageous in fault tolerance control of hypersonic aircrafts. There are still
some things to do to enrich this paper. In the future work, we can add some other kinds of
faults such as stuck, drifting and saturated to prove the fault tolerance ability of £; fault
tolerance adaptive controller and also there are many other advanced control methods or
strategies with superior performances can be taken into consideration.
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